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INTRODUCTION

Prostate cancer (PCa) is the most commonly diagnosed malignancy and the second leading cause of

cancer death in North American men [1]. According to the American Cancer Society more than 232,000 men

will be diagnosed with PCa in 2005 and approximately 10% of these men will die of the disease [1]. Primary

therapy for PCa involves the removal of the prostate by surgery or radiation therapy. Unfortunately, after initial

treatment PCa often recurs. Androgens regulate normal prostate development and growth. Surgical or medical

androgen deprivation has been used as the standard treatment for PCa that fails primary therapy [2, 3].

Although there is a good initial response to androgen ablation in most men, tumors will progress to androgen

independence resulting in death [4] since there is currently no adequate treatment for this advanced disease.

Our current investigation is aimed at the development of new therapies to treat PCa. la,25-

Dihydroxyvitamin D3 (calcitriol), the hormonally active form of vitamin D, is a promising new therapeutic

agent for PCa therapy [5-15].

Calcitriol effects on PCa

Calcitriol is a steroid hormone known as the major regulator of calcium homeostasis and bone

mineralization [16, 17]. However, data accumulated over the past 25 years indicate that calcitriol and its

analogs have potent anti-proliferative and pro-differentiation actions in a number of malignancies including

PCa [15, 18-20]. The anti-proliferative action of calcitriol has been documented in several PCa cell lines [6, 8,

21, 22] as well as in primary cultures of normal and cancer cells derived from surgical specimens taken from

men with PCa [23, 24]. The inhibition of PCa cell growth is seen in both androgen-dependent and -

independent PCa cells [25, 26]. A pilot study from our group provided preliminary evidence that calcitriol

effectively slows the rate of PSA rise in PCa patients with early recurrent PCa [27]. Recent trials using

intermittent high doses of calcitriol in combination with chemotherapy have shown great promise in prolonging

survival and delaying time to progression in men with androgen-independent PCa [13, 15]. Many

pharmaceutical companies are attempting to design calcitriol analogs with increased potency and less tendency

to cause hypercalcemia, the only side-effect of calcitriol therapy [28]. We believe that calcitriol or a new analog

will prove to be a very useful adjunct for the therapy of both androgen-dependent and -independent PCa.

Given the potential utility of calcitriol in treating and/or preventing PCa, understanding the molecular

basis of calcitriol-mediated growth inhibition and the signaling pathways involved in it will fully define its

therapeutic potential as well as allow the development of better therapeutic approaches to treat PCa

progression. Moreover, uncovering the targets of calcitriol action will help develop a combination therapy that

have both the same targets to enhance separate actions and/or aiming different molecules to amplify the

spectrum of action mechanisms that each drug has alone.

Mechanisms of action of Calcitriol on PCa

Calcitriol exerts its action through the activation of its nuclear receptor, the vitamin D receptor (VDR).

After hormone binding, VDR heterodimer attaches to DNA sequences known as vitamin D response elements

(VDRE) in the promoter regions of target genes. This calcitriol-VDR complex then recruits co-activator

proteins that stimulate the transcriptional apparatus to induce the expression of the target gene. A number of

important pathways have been shown to have a role in calcitriol-mediated growth inhibition. One primary
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mechanism of calcitriol action is to induce cell cycle arrest in the G1/G0 phase by increasing the expression of

genes like insulin-like growth factor binding protein-3 (IGFBP-3) and p21, and to induce apoptosis by down-

regulating the activity of anti-apoptotic genes, like bcl-2, [5-10, 14].

New targets of calcitriol in PCa

Using cDNA microarray analysis to study the alteration in gene expression elicited by the treatment of

PCa cell lines with calcitriol, we have recently found 28 genes regulated by the hormone [29]. Among the up-

regulated genes is NAD+-dependent 15-hydroxyprostaglandin dehydrogenase (15-PGDH). This enzyme is also

induced by calcitriol in primary cultures of normal prostatic epithelial cells [30]. Interestingly, calcitriol also

induces the expression of 15-PGDH in human neonatal monocytes [31]. We also found the down-regulation of

various genes, including the prostaglandin-endoperoxide synthase-2, or cyclooxygenase-2 (COX-2) [29]. COX-

2 is an enzyme involved in prostaglandin (PG) synthesis, while 15-PGDH is the primary enzyme responsible

for PG catabolism.

Role of COX-2 activity in PCa

PGs are long-chain oxygenated polyunsaturated fatty acids derived from arachidonic acid (AA). COX

or cyclooxygenases, are responsible for the synthesis of PG precursor PGH2, which will latter be converted to

each kind of PG by specific synthases [32]. PGs are implicated in stimulating proliferation of many cancers

including PCa [33]. Many, yet not all, studies have concluded that COX-2 is over-expressed in PCa when

compared with normal prostate [34, 35]. In vitro studies using the androgen-dependent -independent PCa cell

lines showed that both express detectable amounts of COX-2 and secrete PGE2 [36]. COX-2 is proposed to

induce tumorigenesis in PCa by various mechanisms: (1) induction of cell proliferation [37], (2) decreased

apoptosis [38], (3) increased angiogenesis [39]; (4) increased tumor invasiveness [40]; and (4) decreased

immune surveillance [41]. Non-steroidal anti-inflammatory drugs (NSAIDs), known inhibitors of COX activity

and therefore of PG synthesis, have been shown to decrease growth in PCa cells in vitro and in vivo [33, 38,

42]. Data suggest that PGE2 has a specific role in the maintenance of human cancer cell growth and that the

activation of COX-2 expression depends primarily upon newly synthesized PGE2 through positive feedback

[33, 43]. Knockout of the COX-2 gene generates a marked reduction in the number and size of intestinal polyps

in a murine model of human familial adenomatous polyposis [44]. Taken together, these data indicate that

COX-2 and/or their prostaglandin products play a role in the malignant transformation of the prostate.

The role of 15-PGDH in cancer.

15-PGDH is a key metabolic enzyme initiating the catabolic pathway of biologically active PGs

producing inactive keto-derivatives [45]. Given that COX-2 initiates PG synthesis and 15-PGDH catalyses PG

degradation, COX-2 and 15-PGDH are functional antagonists. Three pieces of evidence indicate that the

concomitant over-expression of COX-2 and under expression of 15-PGDH have a role in tumor progression.

First, microarray data analysis indicated a down regulation of 15-PGDH in colon [46] and lung [47] cancers

when compared to normal tissues. Second, when colon epithelial cells are chronically treated with the well

established tumor suppressor TGF-P3 [48] 15-PGDH gene expression is induced [46]. Thirdly, 15-PGDH seems

to have tumor suppressor effects. When athymic nude mice were injected with cancer cells transiently over-

expressing 15-PGDH, there was a substantial decrease in the induction of tumor growth when compared to wild

type cells [47].
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We have already demonstrated that calcitriol stimulates the expression of 15-PGDH (see Cancer

Research paper in Appendix), we hypothesize that this action is related to the anti-proliferative activity of

calcitriol. A rise in the activity of 15-PGDH would reduce the levels of biologically active PGs. We would

expect calcitriol growth-inhibition to be mediated, at least partially, by the induction of 15-PGDH and the

inhibition of COX-2 [49].

The role of NSAIDs in PCa.

Initially, the interest in the role of COX enzymes in the development of cancer came from the

observation that patients taking NSAIDs have a lower risk of developing cancer PCa [41, 50]. NSAIDs prevent

PG synthesis and prevent PGs from exerting their biological actions [51]. Inhibition of COX-2 by NSAIDs

appears to provide a beneficial therapeutic action. Interestingly, NSAIDs also regulate 15-PGDH levels in some

cells [52, 53].

Our hypothesis is that calcitriol regulation of PG metabolism (induction of 15-PGDH and inhibition of

COX-2) is another pathway to remove active PGs that may help to diminish PCa proliferation. In this way,

calcitriol and NSAIDs would have the same ultimate effect. Unfortunately, NSAID use has shown some

secondary side-effects including increased risk of heart attacks, stroke, sudden death, blood clots, stomach and

intestinal bleeding, kidney problems including acute kidney failure and worsening of chronic kidney failure

[54]. On the other hand, calcitriol also has secondary effects, namely hypercalcemia. However, this effect can

be diminished with intermittent administration of calcitriol [15] or with the use of the new analogs of calcitriol

[28]. To avoid such unwanted actions we would resort to the combination of NSAIDs and calcitriol. We predict

that the combination therapy could allow the use of lower doses of both drugs thus reducing their individual

side-effects.

Given the induction of 15-PGDH expression and the inhibition of COX-2 expression by calcitriol, both

NSAIDs and calcitriol would have the same effect, to reduce the pool of active PGs. To us, this strongly

suggests that induction the regulation of PG-related metabolic genes by calcitriol contributes to its anti-

proliferative activity. It also suggests a possible synergistic action of calcitriol and NSAID treatment to prevent

cancer cell proliferation. We hypothesize that the role of calcitriol in the general metabolism of these

eicosanoids, by induction of 15-PGDH and the inhibition of COX-2 expression, contributes to the anti-PCa

action of calcitriol. By inhibiting COX-2 and stimulating 15-PGDH expression, calcitriol would decrease the

levels of biologically active PGs in PCa cells and thereby reduce the proliferative stimulation of PGs, much like

the NSAIDs. Our finding that calcitriol stimulates the expression of 15-PGDH and inhibits COX-2 assume

greater significance considering the putative actions of PGs on PCa cells.
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BODY

The main findings of this ongoing project are fully described in the Cancer Research paper: Regulation

of prostaglandin metabolism by calcitriol attenuates growth stimulation in prostate cancer cells [55] (Appendix

II, Publications).

Calcitriol actions on the prostaglandin pathway in PCa cells

PGs synthesis is initiated by cyclooxygenases (COX) -1 and -2 [32] and their degradation is mediated

by 15-prostaglandin dehydrogenase (15-PGDH) [45]. Elevated levels of prostaglandins are associated with

increased cancer risk and more aggressive cancer. Calcitriol, the active form of vitamin D, is potentially useful

in cancer treatment by interfering with PG metabolism and actions.

Our microarray data indicated that calcitriol increased the expression of 15-PGDH and significantly

decreased the expression of COX-2 in LNCaP human PCa cells [29]. We hypothesize that this dual action of

calcitriol would reduce the levels of biologically active PGs in PCa cells, thereby decreasing the proliferative

stimulus for PCa growth.

Our experiments showed that calcitriol inhibits prostaglandin actions in PCa cells by three mechanisms:

stimulating the expression of prostaglandin catabolizing enzyme 15-PGDH, decreasing the expression of

prostaglandin synthesizing enzyme COX-2 and inhibiting EP2 and FP prostaglandin receptor expression [55].

We also observed a decrease in levels of PGs in the conditioned media of LNCaP cells treated calcitriol. We

suspect that this was the result of the dual effect of calcitriol on the expression of PG metabolic enzymes [55].

Furthermore, the combination of calcitriol and various non-steroidal anti-inflammatory drugs (NSAIDs)

produced synergistic inhibition of PCa cell growth at 2 to 10 lower concentrations of the drugs needed to

achieve the same effect alone. The findings suggest that calcitriol and NSAIDs may be a useful combination for

chemotherapy PCa [55, 56].
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KEY RESEARCH ACCOMPLISHMENTS

Training accomplishments
Dr. Moreno has spent her time performing experiments in the laboratory of Dr. David Feldman, under

the guidance of Dr. Feldman and Dr. Aruna Krishnan, a very experienced Research Scientist.

Dr. Moreno has periodically presented her data to the group of collaborators from the laboratories of

Dr. Feldman and Dr. Donna Peehl, a long time collaborator, at the weekly lab meetings. Dr. Moreno has made

formal presentations to the Stanford Prostate Cancer Group and to the Department of Urology Research

Conference.

Dr. Moreno attended classes in "Responsible Conduct of Research", once a week for eight consecutive

weeks in the period of September-November, 2004. The course was comprised of lectures on environmental

health and safety, use and protection of human subjects and lab animals, conflicts of interest, publication,

intellectual property and data, error, negligence or misconduct and response to violations of ethical standards.

She has also gained experience in prostate cancer biology, normal and abnormal prostate cell function, prostate

cancer therapy, chemoprevention strategies and the design of new treatment therapies to delay or prevent

prostate cancer progression. The methods employed focus on hormone action, nuclear receptors, and regulation

of target gene transcription and protein expression as well as metabolic studies of enzymatic activity and

regulation of gene product concentration. The methods applied included cell culture, gene expression analysis

by real time RT-PCR, which represents a completely new technique for her, Western blot, gene regulation

studies, transfection and reporter gene assays.

During the period of September 2004 to September 2005, Dr. Moreno has completed the publication of

three research papers and one review (see Appendix I-Biosketch). Two papers emanate from her previous work

in Mexico, where she is originally from and had her doctoral training. The third paper in Cancer Research is

the culmination of the first part of the current project. Dr. Moreno has also written 2 reviews, on published in

the Journal of Steroid Biochemistry and Molecular Biology and the second in press in Anticancer Research.

The results of the current project have also been presented at several meetings: (1) by Dr. Feldman at the 10 th

Prouts Neck Meeting on Prostate Cancer, in Maine in October 2004, (2) at the Vitamin D Symposium on

Cancer, organized by the NIH: Chemoprevention & Cancer Treatment: Is there a role for vitamin D,

1 ct,25(OH)2-vitamin D3 or new analogs (deltanoids)", in November, 2004 in Bethesda, Maryland, (3) at the

2nd Int. Symposium on Vitamin D Analogs in Cancer Prevention and Therapy. May 2005, Ltibeck, Germany

and (4) by Dr. Moreno at the Endocrine Society's 87 th Annual Meeting, in San Diego California in June 2005.
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Research accomplishments

The major part of the scientific accomplishments is described in detail in the paper published in Cancer

Research (Vol. 65: 7917, Sept. 2005), found in the Appendix.

Calcitriol exhibits anti-proliferative and pro-differentiation effects in prostate cancer. Our goal is to

further define the mechanisms underlying these actions. We studied established human prostate cancer cell

lines and showed that calcitriol interferes with the metabolism of prostaglandins (PGs), known stimulators of

prostate cell growth in three ways:

Calcitriol significantly repressed the mRNA and protein expression of prostaglandin

endoperoxide synthase/cyclooxygenase-2 (COX-2), the key PG synthesis enzyme.

- Calcitriol up-regulated the expression of 15-hydroxyprostaglandin dehydrogenase, the enzyme

initiating PG catabolism.

- We found that this dual action was associated with decreased prostaglandin E2 secretion into

the conditioned media of prostate cancer cells exposed to calcitriol.

- Calcitriol also repressed the mRNA expression of the PG receptors EP2 and FP, providing a

potential additional mechanism of suppression of the biological activity of PGs.

- Calcitriol treatment attenuated PG-mediated functional responses, including the stimulation of

prostate cancer cell growth and the up-regulation of PG target genes as c-fos.

- The combination of calcitriol with NSAIDs synergistically acted to achieve significant prostate

cancer cell growth inhibition at approximately 2 to 10 times lower concentrations of the drugs

than when used alone.

- The regulation of PG metabolism and biological actions constitutes a novel pathway of

calcitriol action that may contribute to its anti-proliferative effects in prostate cells.

- We propose that a combination of calcitriol and nonselective NSAIDs might be a useful chemo-

preventive and/or therapeutic strategy in men with prostate cancer, as it would allow the use of lower

concentrations of both drugs, thereby reducing their toxic side effects.
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REPORTABLE OUTCOMES

Publications:

- Jaramillo, B.E., Ponce, A., Moreno, J., Betanzos, A., Huerta, M., Lopez-Bayghen, E., Gonzalez-

Mariscal, L. 2004. Characterization of the tight junction protein ZO-2 localized at the nucleus of

epithelial cells. Exp. Cell 1?es. 297: 247-258.

- Shoshani, L., Contreras, R.G., Roldan, M.L., Moreno, J., Lazaro, A., Balda, M.S., Matter, K.,

Cereijido, M. 2005. The polarized expression of Na+,K+-ATPase in epithelia depends on the

association between beta-subunits located in neighboring cells. Mol. Biol. Cell. 16: 1071-1081.

-Moreno, J., Krishnan, A.V., Feldman, D. 2005. Molecular mechanisms mediating the anti-proliferative

effects of Vitamin D in prostate cancer. J. Steroid. Biochem. Mol. Biol. Jul 14; [Epub ahead of print].

-Moreno J., Krishnan A.V., Swami S., Nonn L., Peehl D.M., Feldman, D. 2005. Regulation of

prostaglandin metabolism by calcitriol attenuates growth stimulation in prostate cancer cells. Cancer

Res. 65: 7917-7925.

-Moreno, J., Krishnan, A.V., Feldman, D. 2005. Pathways mediating anti-proliferative actions of

calcitriol in prostate cancer. Anticancer Res. In press.

Scientific Meetings:

-Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of Vitamin

D in prostate cancer. 10h Prouts Neck Meeting on Prostate Cancer, Prouts Neck, Maine October 2004,

- Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of Vitamin

D in prostate cancer. Vitamin D symposium: Cancer Chemoprevention & Cancer Treatment: Is there a

role for vitamin D, 1a,25(OH)[2612-vitamin D3 or new analogs (deltanoids)" November, 2004,

Bethesda, Maryland.

- Moreno, J., Krishnan, A.V., Feldman, D. Pathways mediating the growth inhibitory actions of

Vitamin D in prostate cancer. Abstracts of the 2nd Int. Symposium on Vitamin D Analogs in Cancer

Prevention and Therapy. May 2005, Lilbeck, Germany. Anticancer Res. 25. 2290.

- Moreno J., Krishnan AV, Feldman D. Regulation of prostaglandin metabolism by calcitriol: Potential

role in the treatment of prostate cancer. Endocrine Society's 8 7 th Annual Meeting, in San Diego

California, June 2005.

Pending accompilishments

Task III: To test the potential additive effects of calcitriol and NSATD treatment. (Months 13-16).

a) We will analyze the effects of NSAIDs and calcitriol individually and in

combination on key genes known to respond to calcitriol including androgen

receptor, prostate-specific antigen, and those genes involved in the signaling

pathway mediating the calcitriol anti-proliferative actions including cyclin-

dependent kinase inhibitor p21, insulin-like factor receptor binding protein

(IGFBP-3) and the apoptosis inhibitor bcl-2.
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b) We will measure the levels of PGs in conditioned medium from cells treated

separately or simultaneously with calcitriol and NSAIDs.

Task IV: To ascertain the role of 15-PGDH induction and COX-2 inhibition in the anti-

proliferative action of calcitriol. (Months 17-24).

a) We will develop an appropriate protocol to abrogate the activity of 15-PGDH in PCa cells

by antisense and/or siRNA, to determine the extent of the effect of 15-PGDH inhibition on

the total calcitriol anti-proliferative activity.

b) We will determine the silencing of 15-PGDH in enzymatic activity assays.

c) We will study the actions of calcitriol on cell growth in the absence of 15-PGDH.

d) We will stably transfect a human COX-2 gene expression vector into PCa cells and then,

we will investigate the effect of calcitriol on the growth of PCa cells overexpressing COX-

2 to determine the role of COX-2 repression on calcitriol-mediated growth inhibition.

We anticipate a period of 12 months dedicated to the completion of this second part of the project. All the

Specific Aims will be covered in sequence.
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CONCLUSIONS

Our research is directed at understanding the molecular mechanisms of the anti-proliferative activity of

calcitriol in prostate cells with the goal of developing strategies to improve PCa treatment. Using cDNA

microarrays we have recently found that calcitriol modulates the expression genes involved in PG metabolism.

Calcitriol reduces the expression of COX-2 gene, the enzyme that catalyzes PG synthesis and up-regulates the

expression of 15-PGDH gene, the enzyme involved in PG inactivation. In the current project we found that

calcitriol acts by three separate mechanisms: decreasing COX-2 expression, increasing 15-PGDH expression,

and reducing PG receptor mRNA levels. We believe that these actions contribute to suppress the proliferative

stimulus provided by PGs in prostate cancer cells. Calcitriol treatment attenuated PG-mediated functional

responses, including the stimulation of prostate cancer cell growth, the secretion of PGs to the conditioned

media of PCa cells treated with calcitriol and blocking the up-regulation of PG target genes. The combination

of calcitriol with nonsteroidal anti-inflammatory drugs (NSAIDs), known inhibitors of the enzymatic activity of

COX-2, synergistically acted to achieve significant prostate cancer cell growth inhibition at •-2 to 10 times

lower concentrations of the drugs than when used alone. The regulation of PG metabolism and biological

actions constitutes an additional novel pathway of calcitriol action mediating its anti-proliferative effects in

prostate cells. We propose that a combination of calcitriol and a nonselective NSAID, such as naproxen, might

be a useful therapeutic and/or chemo-preventive strategy in prostate cancer, as it would achieve greater efficacy

and allow the use of lower concentrations of both drugs, thereby reducing their toxic side effects. The action of

calcitriol at the genomic level to suppress COX-2 gene expression will decrease the levels of COX-2 protein

and allow the use of lower the concentrations of NSAIDs needed to inhibit COX-2 enzyme activity. The

combination approach is an attractive therapeutic strategy in the treatment of PCa and can be translated to

clinical trials.
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Abstract

ZO-2 is a MAGUK protein that in confluent epithelial sheets localizes at tight junctions (TJ) whereas in sparse cultures accumulates in
clusters at the nucleus. Here, we have characterized several nuclear properties ofZO-2. We observe that ZO-2 is present in the nuclear matrix and
co-immunoprecipitates with lamin B I and actin from the nuclei of sparse cultures. We show that ZO-2 presents several NLS at its amino region,
that when deleted, diminish the nuclear import of the ZO-2 amino segment and impair the ability of the region to regulate the transcriptional
activity of promoters controlled by AP-1. Several RS repeats are detected in the ZO-2 amino segment, however, their deletion does not preclude
the display of a speckled nuclear pattern. ZO-2 displays two putative NES. However, only the second one appears to be functional, as when
conjugated to ovalbumin (OV), it is able to translocate this protein from the nucleus to the cytoplasm in a leptomycin B-sensitive way.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Tight junctions; ZO-2; MAGUK; Nuclear matrix; NLS; NES; PKC

Introduction such proteins might serve multiple purposes. ZO-2 is a
160-kDa molecule originally identified as a TJ protein due

In multicellular organisms, the cellular sheets of epithelia to its co-immunoprecipitation with ZO-1 [3]. ZO-2 inter-
and endothelia constitute the frontier between the internal acts as well with other tight and adherens junction proteins,
milieu and the fluids contained within the different body such as occludin [4], claudins [5], cingulin [6] and a-
compartments. Epithelial cells display tight junctions (TJ) at catenin [4].
the apex of their lateral membranes. These structures regulate It has long been known that the TJ is anatomically and
the passage of ions and molecules through the paracellular functionally associated to the cytoskeleton, and more re-
pathway and maintain epithelial polarity by blocking the free cently, binding of actin filaments to ZO proteins has been
diffusion in the plasma membrane plane, of lipids and observed [7].
proteins. The subcellular localization of ZO-2 is strongly sensitive

In recent years, a wide array of cortical and integral to the state of cell-cell contact displayed by the monolayer.
proteins have been identified at the TJ [1]. Among the Thus, in sparse epithelial cultures, ZO-2 accumulates in
former, ZO proteins have been profusely studied. These clusters at the nucleus, where it partially co-localizes with
proteins belong to the MAGUK family, characterized for splicing factor SC-35 [8]. Shuttling of ZO-2 between the TJ
presenting several conserved domains including three PDZ, region and the nucleus might be achieved by the presence of

one SH3 and a GK module [2], elements indicating that putative nuclear localization [9] and exportation signals
(NLS and NES) [8] on its sequence. The functional signif-
icance of the nuclear distribution of ZO-2 still remains

Corresponding author. Department of Physiology, Biophysics and unclear; therefore, characterizing the properties of nuclear
Neuroscience, Center for Research and Advanced Studies (CINVESTAV),
Ave. Politrcnico Nacional 2508, M6xico D.F., 07000, Mexico. Fax: +52- ZO-2 is crucial for elucidating its physiological role. Here,
55-50-61-37-54. we have studied ZO-2 association to nuclear matrix proteins

E-mail address: lorenza@fisio.cinvestav.mx (L. Gonzalez-Mariscal). and the role that NLS and NES plays on its shuttling.
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Material and methods et al. [13] and Vindrola et al. [14]. Briefly sparse mono-
layers grown on glass coverslips were rinsed with phos-

Cell culture phate-buffered saline (PBS, pH 7.4) and fixed in 2% p-
formaldehyde for 30 min at 4°C. The cells were then

Starter epithelial Madin Darby canine kidney (MDCK) extracted in cytoskeletal buffer (CSK; 100 mM NaCI, 300
cultures were obtained from the American Type Culture mM sucrose, 10 mM PIPES, pH 6.8, 3 mM MgCl 2, 0.5%
Collection (MDCK, CCL34). Cells between the 60th and Triton X-100, 1.2 mM phenylmethylsulfonyl fluoride and 1
90th passage were grown at 36.5°C in disposable plastic mM EGTA) for 10 min a 4°C. The resulting soluble fraction
bottles (Costar 3151, Cambridge, MA) with a 95% air, 5% was removed. Cells were then further extracted with RSB
CO 2 atmosphere (Stericult 200, Forma Scientific, Marrieta, buffer (250 mM ammonium sulfate, 10 mM NaC1, 10 mM
OH) and 20 ml of Dulbecco's modified Eagle's basal Tris, pH 7.4, 3 mM MgCl2 , 0.5% Triton X-100, 1.2 mM
medium (DMEM; D 1152 Sigma Co., St. Louis, MO) with phenylmethylsulfonyl fluoride and 1 mM EGTA) to remove
penicillin (100 IU/ml; Eli Lilly, Mexico) and 10% iron- the salt labile cytoskeleton. The chromatin fraction was
supplemented certified calf serum (Gibco BRL, 10371-029, digested employing a buffer identical to the CSK buffer
Grand Island, NY). Cells were harvested with trypsin- with the exception that it contained 50 mM NaCl. To this
EDTA (In Vitro, Mexico) and plated either sparse (1 x buffer we added 250 units/ml of bovine pancreatic DNAse I
105 cells/cm 2) or at confluency (3 x 105 cells/cm 2). and RNAse (Catalogue no. 5305-888777 5 Prime-3 Prime

Inc., Boulder CO, USA) and digestion proceeded for 20 min
Elaboration of total cellular extracts and nuclear matrix at room temperature. Chromatin-associated proteins were
preparations released by the addition of ammonium sulfate to a final

concentration of 250 mM, and incubation continued for 5
MDCK cells were lysed under gentle rotation for 15 min min at room temperature. The chromatin fraction was

at 4°C with RIPA buffer (40 mM Tris-HCl, pH 7.6, 150 removed from the monolayers, leaving the nuclear matrix-
mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-l100, intermediate filaments (NM-IF) fraction.
0.5% sodium deoxycholate, 0.2% SDS, 1 mM PMSF)
containing the protease inhibitor cocktail CompleteM. The Protein blotting
lysate was then sonicated three times for 30 s each in a high-
intensity ultrasonic processor (Vibra cell, Sonics and Mate- In total extracts and nuclear matrix preparations, proteins
rials Inc., Danbury, CT). were quantified and the samples were diluted (1:1) in

For the Western blot experiments, nuclear matrix was treatment buffer (125 mM Tris-Cl, 4% SDS, 20% glycerol,
prepared according to the protocol described by Cook et al. 10% 2-mercaptoethanol, pH 6.8), run in 8% polyacrylamide
[10] with slight modifications introduced by Aranda- gels and transferred to PVDF membranes (Hybond
Anzaldo and Dent [11]. Briefly, cells derived from sparse RPN303F; Amersham Pharmacia Biotech, Little Chalfont,
cultures were lysed in a buffer containing 2.6 M NaC1, 1.3 Buckinghamshire, UK).
mM EDTA, 2.6 mM Tris and 0.6% of Triton X-100, pH 8.0. Blotting was performed with polyclonal antibodies
After 20 min at room temperature, 200 jil of this lysate against ZO-2 (catalogue no. 71-1400, dilution 1:500;
containing 1 x 106 cells were applied on top of a sucrose Zymed laboratories, San Francisco, CA, USA), ZO-1 (cat-
gradient (15-30%; 600-200 gtl; pH 8.0) containing 2 M alogue no. 61-7300, dilution 1:500; Zymed laboratories),
NaCl, 10 mM Tris and 1 mM EDTA. The gradients were His-probe (catalogue no. sc-803, dilution 1:1000; Santa
spun at 4°C on a Sorvall Biofuge Fresco centrifuge at Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and mouse
10,000 rpm. The nucleoids present as a white aggregate at monoclonals against lamin B1 (Zymed Zs33-2000; dilution
the gradient interphase between the two layers of sucrose 1:500), P Na+-K÷-ATPase (a generous gift of Dr. Marcelino
were collected with a Pasteur pipette, intensively washed Cereijido, CINVESTAV, Mexico), Histone 4 (catalogue no.
with PBS and digested with DNAse I (catalogue no. 06-753, dilution 1:500; Upstate Biotechnology, Lake Placid,
E2215Y; Amersham Pharmacia Biotech Inc., Piscataway, NY, USA) and actin (a generous gift of Dr. Jos6 Manuel
NJ, USA) in a buffer containing 10 mM MgC12, 0.2 mM 2- Hernindez, CINVESTAV, Mexico; dilution 1:5). Peroxi-
mercaptoethanol and 50 mM Tris, pH 7.2, for 10 min at dase-conjugated goat IgG against rabbit IgG or against
37°C. The DNA digestion was stopped with a solution of mouse IgG (catalogue nos. 62-6120 and 62-6520, respec-
200 mM EDTA and 10 mM Tris. After 10 min on ice, the tively; dilution 1:2000; Zymed Laboratories) were used as
samples were spun for 15 min at 4°C on a Sorvall Biofuge secondary antibodies, followed by a chemiluminescence
Fresco centrifuge at 13,000 rpm. The pellet obtained was detection system (ECL+PLUS, RPN 2132; Amersham
resuspended in RIPA buffer with the protease inhibitor Pharmacia Biotech). Alternatively, goat anti-rabbit or anti-
cocktail CompleteM. mouse antibodies coupled to alkaline phosphatase (cata-

For the generation of the extracted monolayers to be logue nos. 170-6518 and 170-6520, respectively; Bio-Rad
observed by immunofluorescence, we employed a protocol Laboratories) were used and a 5-bromo-4-chloroindol-3-yl
designed by Fey et al. [12] and slightly modified by Padros phosphate/Nitro Blue Tetrazolium colorimetric detection kit
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(catalogue no. 170-6432; Bio-Rad) was subsequently and incubated I h at 4°C. Immunoprecipitates were washed
employed. twice with HO buffer followed by three washes with 50 mM

Tris-HC1 (pH 7.4). The pellets were boiled 10 min in
Immunofluorescence sample buffer and electrophoresed onto 12% polyacryl-

amide-SDS gels.
MDCK monolayers cultured on glass coverslips were

extensively washed in PBS and fixed in 2% p-formaldehyde ZO-2 fusion proteins
for 30 min at 4°C. Some of these monolayers were then
processed to obtain the NM-IF fractions, whereas others Here, we employed two ZO-2 GST fusion proteins,
were immediately processed for immunofluorescence. The whose construction was previously described by us [16].
latter protocol started with a 30-min blockade with 1% BSA The first named 3PSG included the third PDZ domain, the
Ig free (Research Organics catalogue no. 1331-a). The SH3 region and the GK module (residues 400-874 of
monolayers were then incubated overnight at 4°C with a canine ZO-2 [17]); the second called AP covered the acidic
rabbit polyclonal antibody against ZO-2 (diluted 1:100 in and proline-rich domains of ZO-2 (residues 878-1179 of
1% Ig-free BSA) or monoclonals Anti-Xpress (catalogue canine ZO-2 [17]).
no. R910-25, dilution 1:500; Invitrogen Life Technologies,
Carlsbad, CA, USA) or anti-HA (catalogue no. sc-7392, Pull-down assays
dilution 1:100; Santa Cruz Biotechnology Inc.). The cover-
slips with the monolayers were then washed five times with Pull-down assays were performed employing I mg of a
PBS and incubated for 1 h at room temperature with a nuclear lysate isolated from rat kidneys and 25 gtg of 3PSG-
secondary antibody (FITC-conjugated goat anti-rabbit, cat- GST or AP-GST fusion proteins as previously described
alogue no. 65-6111; diluted 1:100; Zymed). After being [18].
washed three times, the monolayers on the glass coverslips
were mounted with the antifade reagent Vectashield (Vector Expression plasmids, transfection and CAT assays
Laboratories Inc., Burlingame, CA). The fluorescence of the
monolayers was examined using a confocal microscope Full-length canine ZO-2 introduced into the CMV
(MRC-600, Bio-Rad) with a krypton-argon laser. expression plasmid GW1 was kindly provided by Ronald

Javier (Baylor College of Medicine, Houston, TX). The
Immunoprecipitation of ZO-2 from the nuclei of MDCK middle (3PSG; 1595-3019 nt) and carboxyl-terminal (AP;
cells 3029-3923 nt) segments of canine ZO-2 were introduced

into pcDNA4/HisMax by us as previously reported [18].
Nuclei derived from sparse MDCK cells were isolated The amino-terminal (398-2165 nt) segment of canine ZO-

according to a procedure previously described [15]. Briefly, 2, containing PDZ1, PDZ2 and PDZ3, was amplified by
the monolayers were treated with buffer A: 10 miM Tris- RT-PCR using elongase (Cat. No. Y02370; Life Technol-
HCI, pH 7.4, 10 mM NaCl, 3 mM MgCI2, 0.5% NP-40; ogies, Grand Island, NY) and sequentially introduced into
vortexed for 30 s, and centrifuged at 1000 x g for 5 min. the EcoRV site found in the multiple cloning site of
The pellet was treated again with buffer A, and the proce- pBluescript II KS (+) (catalogue no. 212207; Stratagene,
dure was repeated three times. The efficiency of the cellular La Jolla, CA). To generate the amino-ZO-2 ANLS seg-
lysis was checked by adding Hoechst (data not shown). For ment, we restricted the amino-ZO-2/pBluescript construct
immunoprecipitation, the nuclear pellet or a total cell extract with the HpaI and Pf7MI enzymes producing the deletion
was lysed under gentle rotation for 15min at4°C with RIPA of nucleotides 592-1486 (see scheme in Fig. 4). The
buffer (40 mM Tris-HCl, pH 7.6, 150 mM NaCl, 2 mM amino-ZO-2 APDZ2,PDZ3 segment was generated by
EDTA, 10% glycerol, 1% Triton X-100, 0.5% sodium cutting the amino-ZO-2/pBluescript construct with XhoI
deoxycholate, 0.2% SDS, 1 mM PMSF) diluted 1:1 with and EcoRI, producing the elimination of nucleotides
HO buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 1 mM 957-2165. The amino segments of ZO-2 were then intro-
EGTA, 1.5 mM MgCI2, 10% glycerol, 1% Triton X-100) duced into the pcDNA4/HisMaxB vector (Cat. No V864-
containing the protease inhibitor cocktail CompleteTM . The 20; Life Technologies). The Plasmids were purified
extract obtained was centrifuged at 10,000 x g for 15 min at employing the QIAGEN plasmid purification kit (Cat.
4°C. The supernatants were collected and cleared with No. 12142; Chatsworth, CA) and verified by restriction
Staphylococcus aureus cells conjugated with IgG goat anti- and complete sequence analyses.
bodies to IgG rabbit antibodies (Tachisorb cells, 100 pl/24 The reporter gene TRE-CAT was kindly donated by
X 106 cultured cells, catalogue no. 575544; Calbiochem, La Michael Gredes from Dr. Yuspa laboratory at NIH. TRE-
Jolla, CA, USA) for 1 h at 4°C. After centrifugation (10 min CAT contains the structural gene for chloramphenicol ace-
at 1300 x g), supernatants were incubated overnight at 4°C, tyltransferase (CAT) under the control of the Herpes virus
with the polyclonal ZO-2 antibody (1 gg/24 x 106 cultured thymidine kinase (HSV-TK) promoter and five SV40 AP-1
cells) under continuous rotation. Tachisorb cells were added sites cloned upstream [19].
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Transfections on MDCK cells were carried out with minated albumin (Cat. No. A-847; Molecular Probes,
Lipofectamine 2000 reagent (Cat. No. 11668-019; Life Eugene, OR, USA) plus 0.4 mg/ml of either ZO-2 NES-1
Technologies) as recommended by the manufacturer, or NES-2 conjugated to ovalbumin] diluted in PBS. The

CAT assays were performed as previously described by microinjection was performed on the nuclei of sparse cells
us [18] in sparse cells to obtain a higher expression of the plated 24 h before on glass coverslips and was verified by
transfected construct in the nucleus, the epifluorescence observation of the injected rhodami-

nated albumin in an inverted microscope (Nikon Diaphot
Microinjection of rhodaminated albumin and ZO-2 NES 200, Tokyo, Japan). Thirty minutes after the nuclear injec-
peptides conjugated to ovalbumin tion, the monolayers were fixed with 4% p-formaldehyde

and processed for immunofluorescence employing a
Peptides corresponding to the NES-1 (360LQLVVLRD- polyclonal rabbit anti-ovalbumin antibody generated and

SK 370 ) and NES-2 (728LEKLANELPDL 738 ) sequences of generously provided by Dr. Vianney Ortiz Navarrete (CIN-
ZO-2 were conjugated to ovalbumin (OV) by Research VESTAV, Mexico), and the secondary fluoresceinated anti-
Genetics Invitrogen Corporation. The coupling ratio of both rabbit antibody described above.
conjugations was of one NES peptides per OV molecule.
Where indicated, cells were incubated before microinjection,
in media containing 50 nM leptomycin B, kindly donated by Results
Dr. M. Yoshida from the Department of Biotechnology at
Tokyo University, Japan. Nuclear ZO-2 is associated to the nuclear matrix

Microinjection was performed using an IM 300 apparatus
(Narishige, Tokyo, Japan) with borosilicate pipettes that To determine if ZO-2 found at the nucleus of sparse
have attained a resistance of 1 Mfl with a horizontal epithelial cells is associated to the nuclear matrix, we gener-
Brown/Flaming puller (Sutter P97, Novato, CA, USA), ated from MDCK epithelial cells a total extract as well as a
and employing a piezoelectric micromanipulator (Burleigh, nuclear matrix preparation. Fig. IA illustrates how the
PCS500, New York, USA). The pipettes were filled with I nuclear matrix preparation is devoid of the 3 subunit of the
[tl of a solution containing the samples [0.5 mg/ml rhoda- Na÷-K+-ATPase, employed here as a plasma membrane

A BX
U -

- "S

0- Z Blot:

5S"•l• ATPase •N+K

68--* Lamin B1

43--• [Actin
11.5•Histone 4

160-A A ZO-2

Fig. I. The TJ protein ZO-2 found at the nucleus is associated to the nuclear matrix. (A) A total extract and a nuclear matrix preparation derived from sparse
MDCK cells was separated by SDS-PAGE, transferred to PVDF membranes and blotted with specific antibodies against the plasma membrane protein 3
subunit of the Na+-K+-ATPase; the nuclear matrix proteins lamin B I and actin; the soluble nuclear protein histone 4 and the TJ protein ZO-2. Observe how at
the nuclear matrix lamin BI, actin and ZO-2 can be clearly detected, although the preparation is devoid of l3 Na+-K--ATPase and histone 4. In this and the
following figures, the numbers aside of the arrows indicate the molecular weight in kilodaltons of the blotted proteins. (3) Immunofluorescence detection of
ZO-2 in the nuclear matrix, p-Formaldehyde-fixed monolayers of sparse MDCK cells were rinsed twice with PBS (a) and then sequentially extracted with
buffers to release the soluble proteins (b), the salt labile cytoskeleton (c) and the chromatin associated proteins (d). Observe how ZO-2 remains detectable at the
nucleus and cellular border throughout the whole extraction procedure.
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marker [20], and of the soluble nuclear protein Histone 4, lamin B1 does not co-immunoprecipitate with the amino
although both proteins can be detected in the total cellular ZO-2 segment, although it is clearly detected in the total
extract. The nuclear matrix preparation instead displays the cellular extract (TE). Since the remainder segments of ZO-2
presence of lamin B1 and actin, which are characteristic do not contain NLS, which could facilitate the entrance of
components of the nuclear matrix [21,22]. ZO-2 was detected the proteins to the nucleus, we continued our study
in both the total cellular extract and the nuclear matrix, performing pull-down assays from a kidney nuclear lysate
suggesting the association of this protein to the nuclear using GST fusion proteins corresponding to the middle
matrix. (3PSG) and carboxyl-terminal (AP) domains of ZO-2 (Fig.

To explore this possibility, we performed on sparse 3). As Fig. 4B shows, lamin B1 is conspicuously present in
MDCK monolayers a sequential extraction (Fig. 11B) of the nuclear lysate (NL) and the AP pull-down, and to a
soluble proteins with a 0.5% Triton X-100 buffer (b) of lesser extent in the assay performed with the 3PSG fusion
the salt labile cytoskeleton employing an ammonium sulfate protein. These results hence indicate that lamin B1 interacts
containing buffer (c) and of chromatin-associated proteins with the carboxyl half of ZO-2.
by submitting the monolayers to a treatment with DNAse As stated in the Introduction, ZO-2 was originally identi-
and RNAse (d). The results depicted in Fig. 11B illustrate fied as a protein that co-immunoprecipitates with ZO-1. Since
how, despite the treatment to which the monolayers are the latter protein has also been reported to shuttle to the
subjected, ZO-2 remains as in control monolayers (a) nucleus upon conditions of low cell-cell interaction [23], we
located at both the cell-cell borders and the nucleus, thus tested if in the ZO-2 nuclear immunoprecipitate ZO-1 could
reinforcing the idea that nuclear ZO-2 is in vivo strongly be detected. Fig. 2 shows the conspicuous presence of ZO-1
associated to the nuclear matrix, in the ZO-2 nuclear immunoprecipitate, thus suggesting that

To further test the association of ZO-2 to nuclear insol- as in the plasma membrane, at the nucleus, both ZO proteins
uble proteins, we immunoprecipitated ZO-2 from a nuclear form part of the same complex.
preparation derived from sparse MDCK monolayers. As
Fig. 2 shows, nuclear matrix proteins, actin and lamin B1  The amino segment of ZO-2 presents several NLS and RS
can be detected in the ZO-2 immunoprecipitate. The asso- repeats whose deletion decreases, but does not inhibit, the
ciation of ZO-2 with lamin B3 is a novel observation, nuclear import of the molecule
therefore, we proceeded to study if different segments of
ZO-2 maintained this interaction. We started by transfecting In a previous work, we demonstrated the presence of
MDCK cells with a poly-histidine-tagged construct named NLS in several MAGUK proteins of the TJ including ZO-2
amino ZO-2 (Fig. 3), which comprises the three PDZ [9]. For the latter, we initially described a bipartite signal (aa
domains and the NLS of the protein. Fig. 4A shows how 83-99 in Fig. 3) located between the last portion of the first

PDZ repeat and the first residues of linker-I, the region

ZO-2 IP: + - Blot: between PDZ1 and 2. Recently however, it has been shown
that deletion of this sequence does not preclude the entrance
to the nucleus of an amino ZO-2 segment, prompting to

160-- • 4•00 ZO-2 speculate the presence of one or more additional NLS
domains in the N-terminal region of ZO-2 [24]. We thus
performed a search for new putative NLS present in ZO-2.
Fig. 3 illustrates the presence of previously undescribed

220 -1 ZO-1 NLS present in the sequence of ZO-2: (a) A bipartite NLS
(aa 246-262, double underlined) that as the first described
ZO-2 NLS (aa 83-99, double underlined) follows the
pattern of two basic residues (K or R), a 10-residue spacer

68 - Lamin Bi and another basic region with three basic amino acids (K or
R) out of five residues. (b) Three monopartite NLS, com-
posed of three basic amino acids (K or R) and either H or P,
one located within the basic region (an 185.-188, under-
lined) and the other two overlapping the terminal portion of

4 Actn the first bipartite NLS (brackets). (c) We further found that
the basic domain of ZO-2 (Fig. 3, +), contained within the
first linker of the molecule, has numerous arginine/serine

Fig. 2. Lamin B1 , actin and ZO-1 co-immunoprecipitate with ZO-2 (RS) dipeptide repeats (bold). The latter have been de-
obtained from the nuclei of sparse monolayers. Immunoprecipitates (IP) scribed in transcriptional activators [25,26], as well as in a
performed from the nuclei of sparse monolayers with antibodies against
ZO-2 or with pre-immune serum (-) were run on SDS-PAGE, transferred large family of eukaryotic pre-mRNA splicing factors
to PVDF membranes and blotted with antibodies against lamin B1, actin, named SR proteins [27]. The RS-rich domain is necessary
ZO-1 and ZO-2. and sufficient for targeting proteins to nuclear speckles and
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83 RKSGKIAAIVVKRPRKVQLAPPQGSLPVDEDDRAFEVMDEFDGRSARSG 131

130 YSERSRRSSHGGRSRSWEDSPERGRPHERAWSQERERSRGRSLERGLDH 180

181 DDDYRRPRERSRGRSLERGLDHDDDYGRPGERSHGMSTDRGYDRGYDRG 229

229 .DRGYDRTYSPEAEYGRRTOPDARHAGSRSRSRE HLRSRSPSPELRGR.. 277

.. .....................................................
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Fig. 3. Schematic representation of ZO-2 showing the NLS and RS motifs located within the amino-terminal portion of the molecule and the different ZO-2
constructs. The predicted amino acid sequence reveals the presence of two bipartite NLS (double underlined residues) and three monopartite NLS, one located
within the basic region (underlined), whereas the other two are contained within the terminal portion of the first bipartite NLS (brackets). The dipeptide repeats
of arginine and serine (RS) are shown in bold. The lower diagrams illustrate the amino-ZO-2 segment and its deletion fragments: the amino-Z02 APDZ2,PDZ3
and the amino-ZO-2 ANLS, as well as the middle (3PSG-ZO-2) and carboxyl-terminal (AP-ZO-2) segments of ZO-2.

constitutes the only known sequence that is shared by all the transcription and splicing [29]. Therefore, the observation
splicing factors that localize to speckles [28]. Speckles were that in sparse epithelial cells ZO-2 is found at nuclear
originally described as nuclear storage sites for splicing speckles [8] suggested that this protein could play a role
factors but are now perceived as active places of coordinate in nuclear transcription, a situation that has recently been

A) IP: His-probe B)

N N t 0

* a 0 C

MU,

75 --- 6 68

Blot: His- Lamin B1  Blot: Lamin B1
probe

Fig. 4. The middle and carboxyl-terminal domains of ZO-2 interact with lamin BI. (A) Lamin B1 does not co-immunoprecipitate with the transfected amino
ZO-2 segment. MDCK cells transfected with the amino ZO-2 construct or the empty vector were immunoprecipitated with antibodies against the His probe.
The IP was blotted with antibodies against His probe or lamin B1 . TE: total cellular extract. (3) In a pull-down assay, ZO-2 fusion proteins 3PSG and AP
interact with lamin B1 . GST, GST-3PSG and GST-AP interacted with a nuclear lysate (NL) obtained from rat kidney. After an extensive wash and a SDS-
PAGE, the presence of lamin BI was revealed with a specific antibody.
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demonstrated by us, for reporter genes regulated by AP-1- appeared uniformly distributed in the nucleus and hardly
controlled promoters [18]. any speckles were visible [24]. Together, these observations

To determine if the NLS and RS repeats of ZO-2 were strongly suggest that for the ZO-2 amino segment to display
capable of directing ZO-2 to the nucleus, we proceeded to a speckled distribution at the nucleus, the presence of an
transfect MDCK cells with the following ZO-2 amino intact PDZ1 repeat is necessary.
constructs containing both Xpress and polyhistidine tags
(Fig. 3): (a) the complete amino segment; (b) a construction When epithelial cells are transfected with full-length ZO-2,
named amino-ZO-2 APDZ2,PDZ3, containing the first PDZ the middle or the carboxyl-terminal domains of the molecule,
domain and the first bipartite NLS of ZO-2 (nt 398-957); only the latter segment is efficiently expressed at the nucleus
and (c) the amino-ZO-2 ANLS construct lacking all the NLS
and RS repeats found within the first linker of the molecule Next, we proceeded to analyze the subcellular distribu-
(ANLS looses nt 593-1486). We then analyzed by immu- tion of transfected full-length ZO-2, as well as of the middle
nofluorescence with an anti-Xpress antibody the cells dis- and carboxyl-terminal domains of the molecule. Fig. 5A
playing predominantly nuclear, a mixed nuclear-cytosolic or shows how the percentage of cells displaying a nuclear and
an exclusive cytosolic localization of the amino ZO-2 seg- a nuclear-cytosolic distribution of full-length ZO-2 and of
ments (Fig. 5A, inserts). The histograms of Fig. 5A show 3PSG is significantly lower than that observed with the
that the number of nuclear-stained cells was significantly amino ZO-2 transfection. This result could be due to the
higher in sparse than in confluent monolayers. In contrast, in NES present in the GK domain of ZO-2 [8], which could
sparse cultures, a very low proportion of cells were found to promote the export of the molecule from the nucleus, and to
display a sole cytosolic localization of the amino ZO-2 the putative association of ZO-2 to occludin at the TJ,
fragments. In summary, these results are in agreement with through its GK region. Although the latter interaction has
our previous observation concerning the inverse relationship not been demonstrated for ZO-2, it has been clearly estab-
between the movement of ZO-2 to the nucleus and the lished for ZO-1 [4,32,33]. Here, a clear observation of
degree of cell-cell contact in the monolayer [8]. transfected full-length ZO-2 at the plasma membrane be-

Upon comparing the distribution of the different amino came difficult due to the high amount of this protein present
fragments in the transfected cells, we observe that the in the cytosol.
absence of the monopartite and the second bipartite NLS In contrast, the percentage of cells displaying a nuclear
of ZO-2 in the amino-ZO-2 APDZ2,PDZ3 construct and nuclear-cytosolic (N + NC) distribution of the AP
decreases the nuclear localization of the protein. Further- domain of ZO-2 is somewhat similar to that observed with
more, when all the NLS and RS repeats of the molecule are the amino-ZO-2 construct. Although the AP region does not
eliminated in the amino ZO-2 ANLS, almost no nuclear posses any known NLS that could facilitate its, entrance into
localization is detected. Thus, suggesting that all the NLS of the nucleus, it associates to transcription factors Jun, Fos
the molecule contribute to its nuclear import. In agreement and C/EBP, in pull-down and gel shift assays [18]. This
with these results, the sole cytosolic distribution of the interaction could hence allow, by a piggy-back mechanism,
constructs increases as the molecules loose their NLS. the nuclear import of the AP domain.
Now, with regards to the nuclear-cytosolic distribution, it
is clear that it is more abundant in sparse than in confluent The amino constructs of ZO-2 are capable of inhibiting a
monolayers, again reflecting the importance of the extent of reporter gene controlled by AP-1, albeit at different
cell-cell contact for ZO-2 distribution. The fact that even in intensities
the transfection with the ANLS construct, lacking all the
NLS and RS repeats of the molecule, a strong nuclear- Recently, we demonstrated that ZO-2 is capable of
cytosolic distribution is observed (75% in sparse cultures), modulating the transcriptional activity of promoters con-
suggests the possibility that ZO-2 enters the nucleus by a trolled by AP- 1 [18]. When in that work we proceeded to
piggyback mechanism. determine which segment of ZO-2 was responsible for such

When we analyzed the staining pattern of the different an effect, we observed that the over-expression of the
ZO-2 amino constructs, we observed that even with the amino-ZO-2 APDZ2,PDZ3 and the AP segments, but not
amino-ZO-2 ANLS segment, a speckled distribution is of the 3PSG region, repressed the activity of the reporter
displayed at the nucleus (Fig. 5B). Both the entrance to gene CAT, controlled by AP-1 [18]. These effects correlate
the nucleus and the maintenance of the speckled pattern with the respective nuclear presence and absence of the AP
could possibly be explained by the recent observation that and 3PSG segments, shown in Fig. 5A. Therefore, here we
the DNA binding protein SAF-B (scaffold attachment proceeded to study if the activity of CAT varied in accor-
factor-B), which contains NLS and distributes in nuclear dance to the efficiency of the nuclear arrival of the different
speckles [30,31], interacts with the first PDZ domain of ZO- amino constructs. We performed co-transfections of MDCK
2 [24]. Interestingly, in another study where MDCK cells cells with full-length ZO-2, the amino ZO-2 constructs or
were transfected with an amino ZO-2 construct, lacking the their respective empty vectors (pGWI and pcDNA4/His-
first PDZ but containing the RS repeats, the protein MaxB) and a CAT construction named TRE-CAT, which



254 B.E. Jaramillo et al. / Experimental Cell Research 297 (2004) 247-258

A

Z02

m Amino ZO 2 A PDZ2,PZ
Amino ZO2 2ANLS

S C S C S C
Nuclear Nuclear-cytosolic Cytosolic

pGW1

pcDNA4/ ________________

HisMaxB

AMINO-ZO 2-

AMINO-ZO-2
DPDZ2,PDZ3

_______AMINO-ZO 2

0 2,0 40, 60 80 100 120

CAT RELATIVE ACTIVITY



B.E. Jaramillo et al. / Experimental Cell Research 297 (2004) 247-258 255

Rhod - Albumin Ovalbumin Merge

0

.Es

o

""WE
011

>
1U.

Fig. 6. A synthetic peptide corresponding to the second NES present in ZO-2 is able to direct ovalbumin from the nucleus to the cytoplasm in a leptomycin B-
sensitive manner. A mixture of 0.5 mg/ml rhodaminated (rhod) albumin and 0.4 mglml ovalbumin (OVA) chemically conjugated to peptides corresponding to
the putative NES-1 (upper panels) or NES-2 (middle and lower panels) present in ZO-2 was microinjected into the nuclei of MDCK cells. The cells in the lower
panel were microinjected 1 h after treatment with 50 nM LMB. Cells were fixed 30 min after injection and stained with rabbit anti-OVA antibodies and
secondary anti-rabbit fluoresceinated polyclonals. The first column illustrates the nuclear confinement of the injected rhodaminated albumin. In the second
column, we observe how the NES-l-OVA remains at the nucleus, whereas NES-2-OVA exports the nucleus in a LMB-sensitive mode.

contains five AP-1 sites upstream of the HSV thymidine The second NES present in ZO-2 is able to translocate

kinase promoter. ovalbumin form the nucleus to the cytoplasm in a

Fig. 5C shows how full-length ZO-2 significantly dimin- leptomycin B-sensitive way

ishes CAT activity relative to the empty vector, even if the

percentage of transfected full-length ZO-2 expressed at the Recently, we reported the presence of two NES in the
nucleus is relatively low (Fig. 5A). On analyzing the effect sequence of ZO-2 [8]. To test whether such leucine-rich

of the different amino constructs, we observe how CAT sequences can act as autonomous NES, the peptides

activity is almost completely abolished when the amino-ZO- corresponding to residues 361-370 and 728-738 of canine

2 segment, which proved to be most effective in its arrival to ZO-2 were synthesized and chemically conjugated to oval-
the nucleus (Fig. 5A), is transfected. In contrast, when the bumin resulting, respectively, in NES-1-OVA and NES-2-
amino ZO-2 ANLS and the amino-ZO-2 APDZ2, PDZ3 OVA. When injected into the nucleus, NES-1-OVA

constructs were employed, a diminished inhibition of CAT remained within the nucleus together with the co-injected

activity was detected (Fig. 5C), although both of these ZO-2 rhodaminated albumin (rhod-albumin) (Fig. 6, upper row).
segments still enter the nucleus efficiently. These results In contrast, when NES-2-OVA was injected, it was excluded

therefore suggest that the presence of the second PDZ from the nucleus almost completely within 30 min while the

domain, which is absent in both amino ANLS and amino- co-injected rhod-albumin remained in the nucleus (Fig. 6,

APDZ2,PDZ3 constructs, does not alter significantly the middle row). The nuclear export of NES-2-OVA was sen-
entrance of the ZO-2 segments to the nucleus, but yet sitive to leptomycin B treatment (Fig. 6, lower row), an

appears to increase the ability of the molecule to regulate antifungal compound that exerts a potent and specific

AP- 1-controlled promoters. inhibition of the NES-dependent nuclear export of proteins,

Fig. 5. Upon transfection, full-length ZO-2, the amino constructs and AP are expressed at the nucleus and are capable of diminishing the transcriptional activity
of promoters controlled by AP-1. (A) Sparse (S) and confluent (C) MDCK cells were transfected with full-length ZO-2 (EM bars), the amino-ZO-2 (grey
bars), the amino-ZO-2 APDZ2,PDZ3 (empty bars), the amino-ZO-2 ANLS (black bars), the 3PSG ZO-2 (= bars) and the AP ZO-2 (M bars) constructs
and treated with anti-tag antibodies to determine by immunofluorescence their subcellular localization. Quantification of the percentage of transfected MDCK
cells showing predominant nuclear (left inset), mixed nuclear-cytoplasmic (middle inset) or exclusively cytoplasmic (right inset) localization is shown. At least
400 cells were analyzed for each condition. (B) Speckled distribution pattem observed at the nuclei of MDCK cells transfected with the amino-ZO-2 ANLS
construct. (C) Reporter gene assay in which cells were transiently co-transfected with full-length ZO-2, the amino ZO-2 segments or their respective empty
vectors pGWI and pcDNA4/H4isMaxB, plus a TRE-CAT construct that contains a promoter regulated by five AP-1 sites.
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by preventing their association with the export receptor their association to other proteins that are constantly travel-
CRMI/exportin [34]. ing to the nucleus (piggy-back mechanism).

Recently, we reported the association of ZO-2 to tran-
scription factors Jun, Fos and C/EBP. We also showed that

Discussion the over-expression of ZO-2 inhibited the activity of a
reporter gene regulated by AP-I promoters [18]. Here, we

In this study, we focused on the characteristics of illustrate how the amino ZO-2 segment is in the reporter
nuclear ZO-2. We started our studies examining if ZO-2 gene assay, even more effective than the full-length ZO-2,
is associated to proteins of the nuclear matrix. We found probably due to its higher expression at the nucleus. The
that the carboxyl-terminal half of ZO-2 is associated to diminished response obtained with the mutant amino ZO-2
lamin B1. However, we cannot determine whether this segments, in comparison with the complete amino construct,
interaction is direct or involves an intermediate protein reveals that to modulate gene expression, not only the
until a recombinant lamin B1 is available for the assays. arrival to the nucleus is important, but also the presence
The association of ZO-2 with lamin B1 could speculatively of particular domains in the construct. Thus, we suspect that
suggest the participation of this MAGUK in chromatin the presence of the second PDZ augments the inhibitory
organization since lamin B1 is involved in this nuclear function of ZO-2 upon AP-1-controlled promoters. We
function [35]. We also detected interaction between ZO-2 previously reported that the 3PSG segment of ZO-2 exerts
and nuclear actin. Previous co-sedimentation studies had no effect upon CAT expression, although in a pull- down
shown that ZO-2 interacts directly with F-actin in vitro, assay it interacts, albeit weakly, with Fos transcription factor
although it does not cross-link or bundle actin [7]. The [ 18]. Now this result can be explained by the observation
carboxyl-terminal of ZO-2 has been proposed to function as that the 3PSG segment is not expressed in the nucleus. In
the site of interaction with actin since an exogenously contrast, we had reported that the AP domain inhibits CAT
expressed C-terminal ZO-2 construct distributes along actin activity. This result can be reinforced by the observation,
stress fibers in fibroblasts [4]. In confluent monolayers, a that this protein, although containing no NLS, is capable of
continuous apical actin belt appears in the same focal plane effectively reaching the nucleus, probably by associating to
as that of proteins of the TJ, and treatment with cytocha- transcription factors Jun, Fos and C/EBP as previously
lasin B or the PKC agonist DiC8 induces F-actin and ZO reported by us [18].
proteins redistribution in similar patterns [7,36]. In these On analyzing the sequence of ZO-2 we previously
studies however, actin filaments were not detected in the detected the presence of two putative NES, one within the
nucleus. This apparent discrepancy resides in the fact that second PDZ domain and the other at the GK region of the
cytoskeletal studies have generally employed phalloidin molecule [8]. Here, we have explored whether such signals
staining of actin, and this compound binds only to actin are functional by exploring their capability of exporting
polymers. Instead, actin at the nucleus has been proposed to chemically conjugated ovalbumin. Our results indicate that
exist either as monomers and short oligomers, or as long while the second NES of ZO-2 works as a functional export
filaments coated with proteins that obstruct the phalloidin- signal, the first one does not. This result conflicts with
binding pocket. Many reports have indicated the presence recent work on MDCK cells showing that a transfected
of actin in the nucleus and provide evidence for the role of amino ZO-2 construct containing NES-1 but not NES-2
actin in nuclear processes such as chromatin remodeling exports the nucleus [24]. However, since in that study ZO-2
and RNA splicing (for review, see Ref. [37]). Therefore, the is able to leave the nucleus even when the construction lacks
association of nuclear ZO-2 to actin could speculatively both export signals, one might consider the possibility that
suggests the participation of ZO-2 in such processes. In this ZO-2 is also able to leave the nucleus by associating to other
respect, we previously found that ZO-2 co-localizes with molecules bearing NES. Alternatively, ZO-2 could be leav-
splicing factor SC-35 at spliceosomes, and several splicing ing the nucleus through its possible association with nuclear
factors have been found to associate to the nuclear matrix mRNA. As we previously observed [8], the first link of the
[38-40]. Furthermore, the cytoskeletal protein 4.1 that has molecule is particularly enriched in R, RG and SRG
been shown to co-immunoprecipitate with ZO-2 [41], is residues which in many proteins mediate interactions with
also present at the nucleus where it co-localizes with SC-35 nuclear mRNA and ribosomal RNA at the nucleolus
[42] and participates in the splicing activity of different pre [43,44].
mRNA substrates [42].

The ZO-2 amino constructs here employed, including the
amino mutant lacking all the NLS and RS repeats, were Acknowledgments
effectively expressed at the nucleus of sparse MDCK cells.
However, a more efficient arrival to the nucleus was We would like to thank Dr. Vianney Ortiz Navarrete from
detected when all the NLS of the molecule were present. the Department of Biomedicine of CINVESTAV for his help
These observations suggest that for entering the nucleus, the in obtaining the ovalbumin-conjugated peptides, and Jorge
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The polarized distribution of Na+,K+-ATPase plays a paramount physiological role, because either directly or through
coupling with co- and countertransporters, it is responsible for the net movement of, for example, glucose, amino acids,
Ca 2+, K+, C1-, and CO3 H- across the whole epithelium. We report here that the fl-subunit is a key factor in the polarized
distribution of this enzyme. 1) Madin-Darby canine kidney (MDCK) cells (epithelial from dog kidney) express the
Na+,K+-ATPase over the lateral side, but not on the basal and apical domains, as if the contact with a neighboring cell
were crucial for the specific membrane location of this enzyme. 2) MDCK cells cocultured with other epithelial types
(derived from human, cat, dog, pig, monkey, rabbit, mouse, hamster, and rat) express the enzyme in all (100%) homotypic
MDCK/MDCK borders but rarely in heterotypic ones. 3) Although MDCK cells never express Na+,K+-ATPase at contacts
with Chinese hamster ovary (CHO) cells, they do when CHO cells are transfected with i13-subunit from the dog kidney
(CHO-13). 4) This may be attributed to the adhesive property of the f31-subunit, because an aggregation assay using CHO
(mock-transfected) and CHO-13 cells shows that the expression of dog 131-subunit in the plasma membrane does increase
adhesiveness. 5) This adhesiveness does not involve adherens or tight junctions. 6) Transfection of 13,-subunit forces
CHO-13 cells to coexpress endogenous a-subunit. Together, our results indicate that MDCK cells express Na+,K+-ATPase
at a given border provided the contacting cell expresses the dog f 1-subunit. The cell-cell interaction thus established
would suffice to account for the polarized expression and positioning of Na+,K+-ATPase in epithelial cells.

INTRODUCTION and Miller, 1979; Gundersen et al., 1991), and cockroach
salivary gland (Just and Walz, 1994), this enzyme is ex-

The membrane enzyme Nat,Kr-ATPase of epithelial cells pressed on the opposite side of the cells but always in a
serves two different but integrated roles. The first is the strictly polarized manner.
translocation of ions across the plasma membrane as in other Na+,K+-ATPase is a heteromultimer comprised of three
cell types (Skou, 1957; Skou, 1998). The second stems from subunits. The 110-kDa a-subunit bears the Mg2+, ATP, Na+,
its expression in a particular domain of the plasma mem- K+, and ouabain binding sites and is therefore considered to
brane (polarization), in such a way that it propels the trans- be the catalytic subunit of the enzyme. The f-subunit is a
location of Na+ across the whole epithelium as proposed by glycoprotein of 40-60 kDa that seems to be involved in the
Koefoed-Johnsen and Ussing (1958). In turn, a combination structural and functional maturation of the holoenzyme
between the polarized distribution of Na+,K+-ATPase and (Geering et al., 1989; Ackermann and Geering, 1990) and
the polarized expression of co-, countertransporters, and ion subsequent transport of the a-subunit to the plasma mem-
channels drives the net transport of, for example, glucose, brane (Noguchi et al., 1987; Fambrough, 1988; Takeyasu and
amino acids, Ca2+, K+, Cl-, and CO3H- across epithelia Kawakami, 1989). Ion transport requires the participation of
(Schultz and Curran, 1969; Cereijido and Rotunno, 1971; both a- and f-subunits (Noguchi et at., 1987; Horowitz et al.,
Rabito and Karish, 1983). In keeping with these roles, 1990). These units assemble during or soon after biosynthe-
Na+,K+-ATPase is found to reside on the basolateral surface sis (Fambrough and Bayne, 1983), a requirement to exit from
in most epithelial cells (Cereijido et al., 1980; Ernst and Mills, the endoplasmic reticulum (Jaunin et al., 1992). Finally, there
1980; Fambrough and Bayne, 1983; Kashgarian et al., 1985). is a small y-subunit (Forbush et al., 1978) that belongs to the
In a few other epithelial cells, such as those of the choroid FXYD family that modulates Na+,K+-ATPase activity
plexus (Wright, 1972), retinal pigment epithelium (Steinberg (Sweadner et al., 2000); it is not referred to in the present

work.
Although for macroscopic processes such as net trans-

This article was published online ahead of print in MBC in Press epithelial fluxes and electrical potentials it is irrelevant
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.EO4-03-0267) whether the pump is located at the basal or at the lateral side
on December 22, 2004. of the cells, the results of the present work suggest that the

Address correspondence to: Liora Shoshani (shoshani@fisio. expression on the lateral plasma membrane facing the inter-
cinvestav.mx). cellular spaces may be decisive for the polarized distribution
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fomia School of Medicine, Los Angeles, CA) was subcloned into the expres-
Table 1. Percentage of expression of Na+,K+-ATPase in MDCK sion vector pIRESneo (previously known as pCIN4 from BD Biosciences

cells contacts Clontech, Palo Alto, CA). Briefly, pKS+5A11 was restricted with SpeI and Sact,
and the insert corresponding to the full-length (1 was then blunt end ligated

Cell to the pCIN4 vector that was previously restricted with EcoRV. Two positive
clones of transformed bacteria were subjected to plasmid purification with

Cell line Animal species Organ morphology ATPase QIAGEN plasmid midi kit (catalog no. 12143; QIAGEN, Valencia, CA). The
transfection was as follows: CHO cells were plated at 90% density on glass

MDCK Dog Kidney Epithelial 100 coverslips placed in a culture dish of 3 cm in diameter, in a serum-free
CRFK Cat Kidney Epithelial 45 medium. Cells were then incubated for 5 h with a mixture of LipofectAMINE
CF2TH Dog Thymus NA 37 Plus (10964-013; Invitrogen) and 3 /xg of the purified plasmid (pCIN4 [mock]

PTK2  Marsupial rat Kidney Epithelial 10 or pCIN4-P), as indicated by the manufacturer. Thereafter, the transfection

LLCPK, Pig Kidney Epithelial 6 medium was removed, and the cells were incubated for additional 24 h with
fresh serum-containing medium to allow recovery. Subsequently, the cover-

Ma K04 Monkey Kidney Epithelial 0 slips were removed and processed for immunofluorescence, to confirm the
LLCMK2 Monkey Kidney Epithelial 0 transient expression. Then, 0.8 mg/ml G418 was added to select stable clones
NRK E52 Rat Kidney Epithelial 0 expressing the dog Na+,K+-ATPase 31-subunit. Except for biotinylation and
VERO Monkey Kidney Epithelial 0 Takeichi's aggregation assays, in which various clones have been compared,
293 Human fetal Kidney Epithelial 0 all the experiments were done with clone 10c that was chosen because it
CHO Chinese hamster Ovary Epithelial 0 expresses the dog Na+,K+-ATPase P1-subunit mainly in the plasma mem-

COS-7 Monkey Kidney Fibroblast o brane. Stable clones are maintained with 0.2 mg/ml G418 in F12/DMEM

3T3 Mouse Embryo Fibroblast 0 mixture.

Cells listed in the first column were labeled with CMTMR, mixed in Mixed Monolayers
50:50 proportions with MDCK cells, plated at confluence and incu- Cell mixture was performed as described previously (Contreras et al., 1995;
bated overnight. Monolayers were then fixed, treated with a first Cereijido et al., 2002). Briefly, usually the cell type different from MDCK
antibody against the dog P1-subunit, and a second, fluoresceinated (CHO, CHO-P, Mal04, and normal rat kidney [NRKI) was prelabeled with 5-
one. These were then observed by confocal microscopy as described (and 6-){[(4-chloromethyl)benzoyllamino}-tetramethylrhodamine (C-2927,
in Figure 1. One or two hundred borders between MDCK/other cell CellTracker Orange CMTMR; Molecular Probes, Eugene, OR). This was
type were analyzed and scored positive if they exhibited green achieved by incubating the cells for 1 h at 36.5'C, with CMTMR in dimethyl
fluorescence staining. Last column on the right shows the propor- sulfoxide added to the medium to a final concentration of 6.3 liM. Cells were

then washed three times with phosphate-buffered saline (PBS) solution, rein-
tion of heterotypic borders exhibiting pl-subunit (except for the first cubated for 1 h in DMEM supplemented with 10% FCS. Then, the cells are
line, where MDCK/MDCK have no heterotypic contacts). This sub- trypsinized and the suspension is mixed with MDCK cells suspension, in
unit of Na+,K+-ATPase was present in 100% of the homotypic equal parts, to be cocultured on glass coverslips and processed the day after
MDCK/MDCK contacts and in a lower proportion in heterotypic for immunofluorescence assay.
ones. NA, not available.

Immunofluorescence Microscopy

of the pump. We study this polarized expression in MDCK For immunofluorescence microscopy, cells grown on coverslips were washed
with PBS and then fixed and permeabilized with ice-cold methanol for 5 min.

cells. We describe the lateral expression of Na+,K+-ATPase After washing with PBS, the cells were soaked in blocking solution (PBS
in pure MDCK monolayers and in coculture with other cell containing 5% fetal bovine serum) for 1 h. The cells were then incubated with
types, in particular when this other cell type has been trans- the first antibodies for 30 min at 37'C, washed 10 times quickly with PBS, and

fected with the dog 31-subunit. We observe that the expres- thereafter incubated with the secondary antibodies for 30 min at room tem-
perature. All antibodies were diluted in blocking solution, and the following

sion of this subunit in Chinese hamster ovary fibroblasts secondary antibodies were used: Alexa 488-conjugated goat anti-mouse IgG,
(CHO) cells up-regulates the coexpression of endogenous (Molecular Probes) and CY5-goat anti-rabbit IgG (Zymed Laboratories, South
a-subunit at the cell surface, confers cell adhesiveness, and San Francisco, CA). After washing, as indicated previously, specimens were
induces the expression of the pump in heterologous contacts mounted on glass slides with FluoroGuard antifade reagent (170-3140; Bio-

Rad, Hercules, CA) and observed with a confocal microscope (Bio-Rad MRC-
when cocultured with MDCK. Together, these results indi- 600 or Leica TCS SP2) (Leica, Hiena, Germany). The Pl-subunit of the
cate that the n-subunit plays a major role in the polarized Na+,K+-ATPase was identified with a mouse monoclonal antibody donated
expression of Na+,K+-ATPase. by Dr. M. Caplan (Yale University, New Haven, CT), and the a-subunit with

The present results were partially presented in overall a polyclonal antibody (F592-594) donated by Dr. D. Fambrough (The Johns
Hopkins University, Baltimore, MD). Acquisition and analysis were per-

reviews (Cereijido et al., 2000, 2001, 2003, 2004; Shoshani and formed with the respective software (COMOS, Bio-Rad: LCS, Leica) and with

Contreras, 2001). Image J from National Institutes of Health (Bethesda, MD).

MATERIALS AND METHODS Immunoblot

Cell Culture All the extraction steps are performed at 4'C. Monolay6rs grown on 3-cm
dish were washed three times with PBS, and then 200 pl of RIPA buffer

Starter cell cultures were obtained from the American Type Culture Collec- containing 10 mM PIPES, pH 7.4, 150 mM NaC1, 2 mM EDTA plus 1%
tion (MDCK, CCL-34; LLC-PK1 CRL 1392; LLC-MK2, CCL-7; NRK-52E, CRL- Triton X-100, 0.5% DocNa, 10% glycerol, and protease inhibitors (Com-
1571; PtK2, CCL-56; VERO, CCL-81; COS-7, CRL-1651;CRFK, CCL-94; plete, Mini; Roche Diagnostics, Indianapolis, IN) was added. The cells
CF2TH, CRL-1430; 3T3, CL-173; and CHO, CCL-61; 293, CRL-1573). Mal04 were scrapped with rubber policeman, and the cell lysate collected into a
cells (epithelial line derived from rhesus monkey kidney) were a generous gift 1.5-ml microcentrifuge tube. This was repeated with another 200 pi1 of
from Dr. E. Rodriguez-Bouldn (Cornell University, Ithaca, NY). MDCK and RIPA and then incubated for 30 min under continuous and vigorous
Mal04 cells were cloned, and all experiments reported here were performed shaking. The extract was sonicated for 30 s and centrifuged 20 min at
in cells of done 7 and 1, respectively. All cells were grown at 36.5'C in 14,000 rpm in a microcentrifuge. The supernatant was recovered, and its
disposable plastic bottles (3250; Costar, Cambridge, MA) in a 5% CO 2 atmo- protein content was measured with the BCA protein assay reagent (catalog
sphere (Forma Scientific CO2 incubator, Steri-Cult 200). We used DMEM no. 23225; Pierce Chemical, Rockfield, IL) and subsequently boiled in
(430-1600; Invitrogen, Carlsbad, CA), with 100 U/ml penicillin, 100 ug/mi Laemmli sample buffer. The SDS-PAGE-resolved proteins were electro-
streptomycin (600-5145; Invitrogen), 0.8 U/mi insulin (Eli Lilly, Indianapolis, transferred to polyvinylidene difluoride (PVDF) membrane (RPN 303F,
IN), and 10% fetal calf serum (FCS) (200-6170; Invitrogen), except for CHO Hybond-P; Amersham Biosciences, Piscataway, NJ), which were blocked
cells that were cultured in a mixture of F12/DMEM. Cells were harvested with 5% dry defatted milk and 3% bovine serum albumin (BSA) in PBS.
with trypsin-EDTA and plated on dishes with or without glass coverslips. The proteins of interest were detected with the specific polyclonal or
Plasmid Construct and Transfection monoclonal antibodies indicated above, followed by species-appropriate

peroxidase-conjugated antibodies (62-6120 and 62-6520, Zymed Laborato-
The full-length cDNA of dog kidney Na+,K+-ATPase P1-subunit (cloned into ries; and A-9037, Sigma-Aldrich, St. Louis, MO) and a chemiluminescent
pKS+0A11; a generous gift from Dr. R. Farley, University of Southern Cali- detection system (RPN2132, ECL PLUS; Amersham Biosciences).
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Polarizing Effect of Na+,K+-ATPase 3-Subunit

MDCKInuclei MDCKIMal04 MDCK/NRK E52
-ATPase

x-y

aVI3 Pancadherin p-Catenin

Figure 1. MDCK cells express A-subunits at homotypic but not at heterotypic contacts. Localization of the /35-subunit (A, C, and E, green) of
Na+,K+-ATPase and cell adhesion proteins (B, D, and F, green) was studied by immunofluorescence assay in MDCK cells derived from dog kidney. (A)
Monolayer of pure MECK cells with nuclei stained with propidium iodide (red) shows that the A3-subunit is only expressed at the plasma membranes
in the lateral domain where cells contact each other. (B) Integrin avf

3 (green) shows the staining pattern of a membrane protein that is expressed at the
lateral as well as the basal membrane domain (inset). (C) MDCK cells (unstained) cocultured with MalO4 ones (derived from monkey kidney) that were
labeled beforehand with CMTMR (red). ( 1-Subunit in mixed monolayer is only expressed in homotypic borders (MDCK/MOCK) but not in heterotypic
ones (MDCK/MalO4, empty arrows). (D) Pancadherin antibody (green) staining a conserved sequence of cadherins shows that these molecular species
are present at all cell borders in mixed monolayers, regardless of whether this contact is homo- or heterotypic. (E) Monolayer of mixed MDCK/NRK-E52
cells (epithelial line derived from normal rat kidney, red) showing that 3-subunit (green) concentrates in homotypic MDCK/MDCK contacts, whereas
3catenin, an adherent junction marker, is dearly observed in all cell-cell contacts (F, filled arrows). Bars, 20 pm.

Biotinylation of Cell Surface Proteins Hanging Drop Suspension Cultures (Thoreson and Reynolds, 2002). Cells

Confluent monolayers of stable clones of CHO cells expressing the dog were trypsinized in the presence of EDTA, washed twice in PBS, and resus-

031-subunit or the empty vector were rinsed twice with 5 mrl of ice-cold PBS pended in F12/DMEM without serum. Cells (1.5 X 104) in 30 pl of media were

containing 1 mM MgC12 and 0.1 mM CaCI2 (CM-phosphate-buffered saline), suspended as hanging drops from the lid of a 24-well culture dish and
followed by the addition of 3 mi of the same ice-cold solution containing allowed to aggregate overnight in a humid 5% CO2 incubator at 37'C.mg/ml freshly theaddedio SU3mlofN S-th n (Pmeicerceld Chetioncotal g fo 5 Corresponding wells were filled with PBS to prevent drying of the drops.
mg/ml freshly added SULFO-NHS-SS-biotin (Pierce Chemical) for 45 mrin. Aggregation was evaluated 14-18 h after plating. To assay for tightness ofquenching, the plates were washed three times with CM-phosphate-buffered cell-cell adhesion, cells were subjected to shear force by passing them 10 times

saline containing 100 mM glycine. The cells were scraped in RIPA buffer for through a standard 200-jrl micropipette tip. Cells were observed through a
10 min at 41C, and the homogenates were centrifuged at 14,000 rpm, for 10 light microscope with 5X phase contrast objective (DMIRE2; Leica). For

min. Protein of each lysate was used for precipitation (16 h at 4'C) with 30 1. quantification, after the pipetting stress, pictures (DC-300F; Leica) of individ-
of Neutravidin beads (Pierce Chemical). The beads were washed four times ual fields of cells were scored for small (7-20 cells) or large (>20 cells)
with RIdA buffer, and the final pellets were resuspended in 100 te of 4x aggregates. The data presented here are from three experiments in which 12Laemnili buffer and incubated 1 h at 37wC. The beads were pelleted, and the pictures were analyzed for each cell type. Results are expressed as mean ± SE.

solubilized proteins were separated by SDS-PAGE, transferred to PVDF Classical Cell Aggregation Assay (Takeichi, 1977). Confluent monolayers
membranes and probed with antibodies directed against a- and O3-subunits of weresicalted Aggregation A ssa and 1 Confluent 3 onofayersindiate inInunnobotwere treated with 0.2% (wt/vol) trypsin and 1 mM EDTA at 37°C for 5 min
the Na+,K+-ATPase as indicated in Inmmuoblot, and dispersed by moderate pipetting. Cells were resuspended in P buffer (145

mM NaCl, 10 mM HEPES, pH 7.4, 1.0 mM Na-pyruvate, 10 mM glucose, 3.0
Aggregation Assays rmM CaCl2) complemented with Complete Mini (Roche Diagnostics) at 106
CHO cells stably expressing dog 31-subunit or the empty vector and MDCK cells cells/mi, except for the Ca

2
+-dependent experiments in which DMEM with

(as controls) were tested for their ability to aggregate with two different tech- (1.8 mM) or without (5 pM) Ca
2
+ was used. Cell suspension was placed in

niques: hanging drop suspension cultures and classical cell aggregation assay. 1.5-mi microfuge tubes precoated with BSA and rotated on a gyratory shaker
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cx-ATPase E-Cadherin Claudin-1

p-ATPase ip-Catenin ZO-1

G 250

200 - Figure 2. Absence of physiological and molecular
-- evidence for tight and adherent junctions in wild

E CHO cells cultured in pure and mixed monolayers.
E 150 Immunoassays of a- and )3-subunits of Na÷,K+-
d ATPase in pure monolayers of CHO cells (nuclei
W 100 stained in red with propidium iodide) show no

evidence of this enzyme (A and B). (C-F) Mixed
monolayers of MDCK and CHO cells (red). E-cad-

50 herin (C) and (3-catenin (D), which are specific
markers of epithelial adherent junctions, as well as

0 claudin-1 (E) and ZO-1 (F) corresponding to tight
MDCK Mock CHO 0 junctions, are only present at MDCK borders (green).

(G) TER of monolayers of MDCK cells, mock-trans-
C10 fected CHO cells, and CHO-P3. Bars, 20 pm.

at 37°C for 3 h. Aggregation was stopped by adding 2% (vol/vol) glutaralde- found on the basolateral side (Cereijido et al., 1980, 1981,
hyde. The extent of aggregation was assessed by fluorescence-activated cell 2000, 2001; Louvard, 1980; Rabito and Tchao, 1980; Con-
sorting (FACS) analysis of 50,000 events (FACS Vantage; BD Biosciences, San
Jose, CA). treras et al., 1989). Yet, the study of the distribution of this

Transepithelial Electrical Resistance (TER) enzyme in at least 100 contacts (in each case) of confluent

The degree of sealing of the tight junctions was assessed by measuring the monolayers of epithelial cells by using immunofluorescence
transepithelial electrical resistance (TER) (Cereijido et al., 1978, 2002). After approach, provides some revealing details on this localiza-
incubation under a given condition, the filter with the monolayer was tion (Table 1 and Figure 1). Foremost, the enzyme is local-
mounted as a flat sheet between two Lucite chambers with an exposed area of ized at the lateral border of the cell (Figure IA) and not at
0.69 cm

2
. Current was delivered via Ag/AgCl electrodes placed at 2.0 cm the basolateral one. Figure 1B showing av/33-integrin stain-

from the monolayer; the voltage deflection elicited was measured with a ing at lateral as well as basal domains demonstrates that the
second set of electrodes placed at 1.0 mm from the membrane. Values of TER
reported were obtained by subtracting the contribution of the filter and the confocal method used is able to detect a protein placed at
bathing solution. A given monolayer was used only for a single determination this border and that the absence of 0 1-subunit at the basal
and discarded to avoid leaks due to edge damage. membrane may not be attributed to a technical difficulty.

The lateral expression of this subunit seems to depend on
RESULTS cell-cell contacts, as well as the nature of the neighboring

cell. Thus, when this neighbor is another MDCK cell, expres-
The Polarized Distribution of Na+,K+-ATPase sion of Na+,K+-ATPase is observed in 100% of the contact-
Studies with radioactive tracers, short-circuit currents, sid- ing borders. This percentage markedly decreases in contacts
edness of the effect of inhibitors, and [3H]ouabain labeling with other cell lines (Table 1). Actually, many borders that
had long anticipated that the Na+,K+-ATPase would be we have scored as positive in heterotypic contacts were in

1074 Molecular Biology of the Cell



Polarizing Effect of Na+,K+-ATPase 3-Subunit

A B MDCK CHO MOCK0 0 I I

kDa 2 o kDa MockClOc C1 C2

11.- 011 3.7-n z f l
Figure 3. Expression of a- and 3g-subunits
in epithelial (MOCK) and fibroblastic CR0 63.8 on
cells. (A) Western blots using an antibody U
against a-subunit (a) and dog 31-subunit (P3). 495 *. v r
As expected, MDCK cells show a heavy mark
due to glycosylated 131-subunits. Mock-trans-
fected CHO cells do not show a 131-subunit TE BIOTIN
band, whereas transfected ones (CHO-fl) ex-
hibit two bands corresponding to 31-subunits. MDCK CHO Clone I 0c CHO Clone 2
Blotting with anti-a antibody shows heavy
staining in MDCK cells. The antibody cross-
reacts with the a-subunit of CHO cells. As
expected, CHO-P cells exhibit a much heavier
staining. (B) Western blots of biotinylated a-
and 31-subunits expressed on the cell surface. I.
MDCK lane shows the usual migration pat- I"'
tern of both subunits of total extracts (TE) and
cell surface extracts (BIOTIN). Mock-trans-
fected CHO cells show no signal, whereas
three different clones of CHO cells transfected
with the dog 131-subunit (C10c, C1, and C2)
express different levels of the exogenous pro-
tein at cell surface. Immunofluorescence con-
focal images of MDCK (C), 10c clone (D), and
clone 2 of CHO-13 (E) stained against a- and
13-subunits of Na+,K+-ATPase. Each image is a
accompanied by the transverse section. Nu- W
clei were stained with propidium iodide
(red). MDCK cells show the typical chicken
fence pattern of both subunits. Transverse -(
sections show the exclusive lateral distribu-
tion of the Na+,K+-ATPase. CHO-13 clones
express the transfected dog 131-subunit as
well as the endogenous a-subunit in the
plasma membrane. Transverse optical sec-
tions below indicate that the Na+,K+-ATPase
in CHO-1 is not polarized. Bars, 20 jIm.

fact due to faint labeling presumably caused by immature strands in freeze fracture replicas (Gonzalez-Mariscal et al.,
contacts or rearrangement of cells in the monolayer. Not 1989). Contreras et al. (2002) have shown that these hetero-
even the fact that the neighboring cell derives from the same typic contacts also express molecules such as E-cadherin,
animal species (e.g., dog thymus CF2TH cells) or from the ZO-1, and occludin. On the contrary, we were unable to
same organ (e.g., kidney) of other animal species (e.g., PTK2, detect Na+,K+-ATPase in contacts with cells lines of fibro-
LLCPK1, and NRK-E52) ensures that MDCK cells would blastic morphology such as 3T3 and COS-7.
express Na+,K+-ATPase in the heterotypic border. A given
MDCK cell that expresses its P-subunit in a homotypic con- Overexpression of fl-Subunit in CHO Cells
tact does not express it on the other side, when this side To study the role of the 3-subunit in the polarized expres-
contacts a rat kidney cell (Figure lE, NRK-E52). The same sion of Na+,K+-ATPase, we selected CHO cells, because
observation is repeated with Ma104 (Contreras et al., 1995; MDCK cells do not express a detectable amount of Na+,K+-
Figure 1C), LLCMK2, human embryonic kidney 293, VERO, ATPase in its heterotypic borders with CHO (Table 1). As
and CHO cells. This absence of expression of Na+,K+- shown in Figure 2, endogenous Na+,K+-ATPase in CHO
ATPase in heterotypic contacts between epithelial cells may cells cannot be detected with anti-dog antibodies, an obser-
not be attributed to lack of intimate cell adhesion. Thus, vation that is repeated with adhesion-associated proteins
Figure 1, D and F, shows in two different cocultures such as E-cadherin (Figure 2C), 3-catenin (Figure 2D), clau-
(MDCK/Mal04 and MDCK/NRK-E52) the expression of din-1 (Figure 2E), or ZO-1 (Figure 2F), which are readily
cadherin (anti-pancadherin antibody) and 3-catenin in both observed in MOCK cells. Furthermore, when cultured as
homotypic and heterotypic borders. This is in agreement layers on permeable supports, no considerable electrical re-
with our previous results demonstrating that monolayers of sistance is observed (Figure 2G). Accordingly, we trans-
mixed epithelial cell types have the TER that could be ex- fected CHO cells with the cDNA of dog 131-subunit and
pected from the TER of each cell type in pure monolayers, obtained stable clones (CHO-3; see Materials and Methods).
and their proportion in the mixture (Gonzalez-Mariscal et al., Figure 3A shows that protein extracts of CHO-0 cells as-
1989; Contreras et al., 2002). Furthermore, mixed and pure sayed with an antibody against the dog 31-subunit exhibit a
monolayers had the same structure and arrangement of TJ major glycosylated band (-50 kDa) similar to the one de-
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tected in MDCK cells. This antibody does not recognize any siveness conferred by the 3-subunit to CHO cells, we used
P-subunit in the mock-transfected CHO fibroblasts. On the the two aggregation assays described in Materials and Meth-
other hand, an antibody against the a-subunit of Na÷,K÷- ods. In the first method (Thoreson and Reynolds, 2002),
ATPase that recognizes a C-terminal conserved motif, shows CHO-P3 cells (Figure 5A) associate in small (7-20 cells) or
the typical -110-kDa band in the Western blot correspond- large (>20 cells) aggregates in a higher proportion than
ing to a-subunit. Interestingly, the expression of endoge- mock-transfected cells (Figure 5B) (136 and 380% increase
nous a-subunit in CHO fibroblast is very low (Figure 3A, for small and large aggregates, respectively; p < 0.001)
mock). Nevertheless, in CHO-P3 cells the expression of (Figure 5C). MDCK cells under the same experimental con-
a-subunit is more pronounced, resembling that of MDCK ditions clump spontaneously (Figure 5D), except when the
cells. This could either reflect an increase in a gene expres- medium was devoid of Ca 2

+ (Figure 5E). To ensure that the
sion or increased stability of synthesized a-subunit that is adhesiveness of CHO-P cells (clone 10c) does not depend on
now able to reach the plasma membrane. To assess whether the chosen clone, we performed a comparative aggregation
the expression of a-subunit induced by the overexpression assay (Takeichi, 1977) followed by FACS analysis to four
of P1-subunit reaches the cell surface, we used a biotinyla- separate P3-subunit expressing CHO-p clones and MDCK
hion assay (Figure 3B). Mock-transfected CHO cells do not cells. Our data reveal that the distribution of aggregates of
express a- nor P1-subunit in their plasma membrane, f31-transfected clones resembles that of MDCK cells. All
whereas the different clones of CHO-p (C10, Cl, and C2) clones exhibit at least a 100% increase in adhesiveness with
express both of them at the surface. These findings are in respect to mock-transfected CHO cells, as reflected by the
accordance with the recent study from the Rajasekaran lab- relative density in the top right quadrant of the plot (Figure
oratory (Rajasekaran et al., 2004) indicating that in mamma- 5F). Furthermore, the adhesiveness in the absence (5 jiM) or
lian cells, the Na+,K+-ATPase P1-subunit is involved in presence (1.8 mM) of Ca 2

+, of mock-transfected (mock) and
facilitating the translation of the al-subunit mRNA in the 91-transfected CHO cells (C10c) also was analyzed by FACS
endoplasmic reticulum. Observations with immunofluores- (Figure 5G). The relative density in the top right quadrant of
cence microscopy of MDCK, CHO, and CHO-p cells are in the plot, of mock-transfected cells (0.98 and 0.68%, respec-
keeping with the biotinylation data. Thus, MDCK cells show tively) and ClOc cells (11.35 and 10.8%, respectively) sug-
a plasma membrane codistribution of both subunits (Figure gests that adhesiveness does not depend on extracellular
3C). Transverse optical sections confirm that the expression Ca2+. Together, these assays show that the P-subunit does
of Na÷,K÷-ATPase occurs mostly at the lateral borders. confer adhesiveness to the cells.
Mock-transfected CHO cells show no membrane staining
(Figure 2A), whereas CHO-p cells (clone 10c and clone 2,
Figure 3, D and E, respectively) show that both a- and
31-subunits are localized at the plasma membrane, even

though a green staining spread throughout the cytoplasm is
observed. This may be due to overexpressed protein that is
trapped in intracellular compartments. Nonetheless, our ob-
servations suggest that the transfection of P1-subunit in
CHO cells up-regulates the expression of the endogenous a
ones.

Polarization of Na+,K+-ATPase in CHO Fibroblasts
Previous studies of various groups suggested that nonpo-
larized cells are capable of polarized plasma membrane
delivery, but they lack the spatial segregation of distinct
membrane targets (Musch et al., 1996; Yoshimori et al., 1996).
Therefore, CHO-p fibroblasts were not expected to deliver
the pump to the plasma membrane in a polarized manner
unless appropriate extrinsic signals and asymmetric plasma
membrane cues are established, leading to a differentiated
apical/basolateral membrane domains formation (Shoshani
and Contreras, 2001; Cereijido et al., 2003). Indeed, the trans-
versal optical sections of transfected monolayers in Figure 3,
D and E, indicate that the pump distribution in CHO-p cells
is not polarized. Moreover, in transfected CHO-p cells (Fig-
ure 4, green) cocultured with mock-transfected CHO cells
that were labeled beforehand with CMTMR (red), the
plasma membrane expression of the P3-subunit is observed
in both contacting and noncontacting cell borders, and,
again, it is not restricted to a particular pole of the cell.

Transfection of the 131-Subunit Confers Cell Adhesiveness
Fibroblastic CHO-p3 cells tend to form continuous layers, as Figure 4. CHO fibroblasts (red) cocultured with CHO-p stably
if they establish an intimately registered vicinity (Figure 3D). expressing the P1-subunit (green) of dog Na+,K+-ATPase. Fibro-
Because these cells were not cotransfected with E-cadherin blasts, either wild or transfected do not segregate from each other.

CHO-p cells express the dog 31-subunit at the membrane in hetero-and do not exhibit a significant electrical resistance across (empty arrow) and homotypic contacts, as well as free borders.
themselves (28.3 ± 1.5 11.cm 2 ; Figure 2G), it could imply that Optical transverse sections (below) show the expression of 0P-sub-
0-subunit is acting as an adhesion molecule, as observed by unit all around the cell, confirming that fibroblasts do not express
Gloor et al. (1990) in glial cells. Therefore, to test the adhe- this protein polarizedly. Bars, 10 jim.
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CL

Figure 5. Cell aggregation assay. The adhe- L b uiees fCOcll rnfcedwt h

13-subunit was assayed following the two dif-
ferent aggregation assays described in Mate- GO CO[
rials and Methods. (A) CHO cells transfected
with the empty vector (mock) are mostly iso- -......... _

lated or in small aggregates (inset). (B) F V -- oktC~ F -[ C
CR0-p8 cells tend to aggregate in larger t,; 10:.•. 27.7%1 17%

clumps (inset). (C) Clumps were scored into - : ,| •two groups: those with 7-20 cells (white bars) I7
and those larger than 20 cells (gray bars).

Groups of less than seven cells are not repre- U) .....-... ;.......•.... '
sented. The first two columns correspond to :..

mock-transfected CR0 cells that tend to , - ....................__

group in small clumps of 7-20 cells. Transfec- FCHih
tion of 13-subunit (last two columns) produces
a 136% increase in the number of small _____________

clumps (p < 0.001) and a 380% in the number G V"- Mock Mock
of large clumps (p < 0.001). Each column -Ca_02 ÷ C2
represents an average of 36 individual fields.
MDCK cells at the tip of the hanging drop •i
form a large clump in the presence of 1.8 mM iii:•:
of Ca2+ (D), whereas in the absence of Ca2+the cells are dispersed (E). (F) Dot plots de-
picting cell complexity (SSC height) versus

cell size (FSC height) of mock- and dog s 1t - - - _transfected Cor cells (clones C(ic and C2). B) o Cc0c . C1 Oc
AllCf,-transfectend Co cel at least 1- 2 7 317%
a 100% increase in adhesiveness as estimated T
by the percentage of particles in the top right

quadrant of the plot (higher size and com-

plexity). (G) Dot plots of dogln - (C1oc) and t
mock-transfected CHO cells in the absence t1

assay of M-uuDCK (ljast[ two oguns)pjouce

(-Ca2 +) or presence (+Ca 2 +) of calcium ions
in the bathing medium during aggregation c-

rep re an aver and CHO Cells DISCUSSION

If it is true that MDCK cells express the Na+,K+-ATPase rn Although the asymmetry of epithelia was discovered by

homotypic borders because the neighboring cell simulta- fmile Du Bois Raymond in the second half of the nineteenth

neously expresses the same type of3-subunit (Figure 6), it i
expected that they will express the pump at heterotypic de yie tof k e e itropso cal techique, randio a nt her, cen
contacts with CHO-p cells. To test this possibility, we mixed c lo c

the two cell types and observed that heterotypic borders tury to show that epithelia are in fact able to transport net

between MDCK and CHO cells that do not express 13-sub- amounts of a given substance all the way across themselves

unit from the dog do not show the presence of Na+,K+- (for a historical sketch, see Cereijido et al., 2003, 2004). Even-

ATPase (Figure 7A). Yet, MDCK cells cocultured with taally, the Na+,K-ATPase, which had been shown to ac-

CR0-p cells do express the pump at both homo- and het- count for the transport of Na- and K+ across the plasma

erotypic contacts (Figure 7B). To discard the possibility that membrane of individual cells, was found to be also the

this expression at heterotypic contacts of MDCK cells were provider of electrochemical gradients that drive the net

attributed to induction of E-cadherin or other bona fide movement of sugars, amino acids, and other ion species. Yet
adhesion-associated proteins in CHO-e 3 cells, we stained the to fulfill these transepithelial transports, it is not sufficient

mixed monolayers with antibodies against several adhesion that the enzyme is placed at the plasma membrane of epi-

markers. Figure 7, C-F, shows that epithelial adherent pro- thelial cells, but it also must be present in one of the poles

teins (E-cadherin and /3-catenin) as well as tight junction only. This polarization is far from being understood, but

proteins (claudin-l and ZO-1) are not detected in CR0-pi several characteristics provide some clues: 1) Na n,K+-ATPase

cells, is not a basolateral protein as generally assumed, but just
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Glyco :can partially recover some of their epithelial attributes upon
Intercellular transfection of Na+,K+-ATPase,3 1-subunit. This recovery is

space •more evident when E-cadherin is cotransfected. A virus-
transformed epithelial cell, however, may not be equated
with a fibroblastic CHO cell, because they lack E-cadherin
among other epithelial molecules. Therefore, it is not sur-
prising that CHO cells would not express the pump in a
polarized manner upon transfection of 31-subunit.

O ?j• CHO-3 cells would not show signs of forming TJs either.

Membrane tance (ER) across the cell layer. ER has two main compo-
nents in parallel: the transcellular and the paracellular route.
Because in most epithelia with resistances below 1.0 Kfl'cm 2

. the resistance of the transcellular route is several orders of
Ea magnitude higher than the paracellular one, a measurement

Cytoplasm of ER across the whole cell layer only reflects the permeabil-
ity of the paracellular route (Cereijido et al., 1983). Such is the

Figure 6. Schematic representation of Na+,K+-ATPases located at case of MDCK monolayers studied in the present work
the lateral border of epithelial cells. The a-subunit with its 10 (207 ± 14 fl-cm 2; Figure 2G). In turn, the ER of the paracel-
transmembrane domains is represented. The P-subunit is depicted lular route has two components arranged in series: the re-
with a single transmembrane segment and a long extracellular sistance of the tight junction and that of the intercellular
domain containing three S-S links (gray dots) and three glycosyla- space (ICS). In an epithelium with an ER above some 30
tion sites (green). The structure and function of the enzyme requires I.cm2, the contribution of the ICS is insignificant. The ER of
that both subunits interact closely and strongly; yet for clarity, these CHO layers is instead negligible (Figure 2G). Even when
are represented as molecules placed far from each other. For the upon transfection of P-subunit ER achieves 28.3 ± 1.5 fl'cm2
same reason, y-subunit is omitted. On the right-hand side two
P3-subunits belonging to neighboring cells are represented as span- (p < 0.001), this relatively low value may be attributed to a
ning the intercellular space. The present results suggest the possi- narrowing of the ICS. Together, transfection of 31-subunit,
bility that a 13-P linkage anchors the Na+,K+-ATPase at the lateral which confers adhesiveness and adoption of an "epithelial"
borders of epithelial cells. The question mark indicates that we shape of CHO-p cells, may not cause a true epithelization
ignore whether the P-P interaction would be a direct one or medi- nor the synthesis and assembly of adherens and TJs.
ated by an as yet unknown molecule.

fl-Subunit Stabilizes the Lateral Distribution of the
lateral (Figure 1). 2) The different isoforms of /3-subunits Sodium Pump in Epithelial Cells
have the typical structure of a cell attachment protein: short Three models have been proposed for the polarized expres-
cytoplamic tail, a single transmembrane domain, and a long sion of Na+,K+-ATPase in epithelial cells. One involves
and highly glycosylated extracellular domain (Shull et al., intracellular sorting of newly synthesized proteins at the
1986) (Figure 6); 3) in fact, 32-subunit was found to act as a Golgi apparatus, followed by a vectorial delivery of the
cell attachment protein (Gloor et al., 1990) that has a high Na+,K+-ATPase molecules to a distinct surface domain
degree of homology with the f31-isoform expressed by (Caplan et al., 1986; Zurzolo and RodriguezzBoulan, 1993).
MDCK cells. Accordingly, our first step was to demonstrate Unfortunately, so far multiple efforts to identify an address-
that transfected CHO cells do express this subunit (Figure ing signal in the a-subunit of this enzyme were not success-
3A, CHO-13) and that this expression takes place at the ful (Gottardi and Caplan, 1993; Dunbar and Caplan, 2000;
plasma membrane (Figure 3B) and confers an adhesiveness Dunbar et al., 2000). An alternative model emphasizes ran-
that prompts the cells to adapt their borders and adopt an dom delivery of newly synthesized Na+,K+-ATPase mole-
"epithelioid" shape (Figure 3, D and E). Yet, this is not a true cules to the entire plasma membrane, but selective retention
epithelial arrangement, because CHO-P layers do not exhibit of this protein at specific sites of the plasma membrane by
the typical electric resistance across (Figure 2G), and they attachment to the submembrane cytoskeleton (Nelson and
fail to express molecular markers of TJs (Figures 2 and 7). Hammerton, 1989; Hammerton et al., 1991). Although the
We shall now elaborate on the observations mentioned association of the cytoskeleton with already polarized
above. Na+,K+-ATPase has not been disputed, this model might

not explain why the enzyme binds to the cytoskeleton in the
Expression of Transfected I3-Subunits Confers membrane facing the intercellular space, and not some-
Adhesiveness to CHO Cells where else. In the present work, we explored the possibility
It may be stressed that the transfection of CHO cells with that, independently of the sorting and addressing mecha-
dog 13-subunit is just an experimental tool to present this nisms that handle Na+,K+-ATPase from the trans-Golgi to
subunit to MDCK cells. The fact that upon transfection with the plasma membrane, the specific position of this enzyme is
/391-subunit CHO-p cells adjust their borders in closer con- primarily due to the retention provided by an anchorage
tact, resembles the "epithelization" observed by Mcneill et al. between the P-subunits in neighboring cells.
(1990) upon transfection of E-cadherin in L-fibroblasts. Fur- The fact that MDCK cells do not express Nat,K+-ATPase
thermore, these authors have shown that this epithelization in heterotypic borders with NRK-E52 cells that derive from
brings about the polarization of Na+,K+-ATPase. Therefore, the same organ (kidney) and express the same type of iso-
it is pertinent to point out that we have not transfected form (f01) suggests that the /3-subunit association may be a
E-cadherin, nor found an endogenous E-cadherin either be- species-specific one. Although this is in keeping with our
fore nor after the expression of 31-subunit. Rajasekaran et al. central tenet regarding the role of the P-subunit, the speci-
(2001) demonstrated that MDCK cells whose polarity was ficity of the 3-subunit association must await further studies
impaired by transformation with Moloney Sarcoma Virus using subunits derived from different animal species.
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P-ATPase

A ,p

p-Catenin E-Cadherin ZO-1 Claudin-1

Figure 7. Expression of dog Pl-subunit in CHO cells induces MDCK cells to express their Na+,K+-ATPase at heterotypic borders. MDCK
cells were cocultured with CHO fibroblasts (red) and assayed with antibody raised against the PI-subunit of the dog (green). (A) MDCK cells
only express the protein in homotypic MDCK/MDCK borders but not in those contacting mock-transfected CHO cells (empty arrows). (B)
MDCK cocultured with CHO-P, now express their P-subunit at both homo- and heterotypic contacts (filled arrows). This induction may not
be attributed to adherens nor tight junctions as CHO-f3/MDCK monolayers show that P-catenin (C), E-cadherin (D), ZO-1 (E), and claudin-1
(F) are only expressed by MDCK cells.

Studies from Geering's laboratory (Geering et al., 1989; evolution, an ancestor of this subunit was expressed inde-
Ackermann and Geering, 1990; Geering, 1990; Jaunin et al., pendently of the a one, a circumstance that may still be
1992) indicate that a- and P-subunits are associated from present in organisms such as Caenorhabditis elegans and that
their early posttranslation steps in the endoplasmic reticu- shows that it may be involved in other functions besides of
lum and were never observed to be delivered to the plasma ion pumping; and 3) moreover, we have found in previous
membrane separately. In agreement with these observations, work that the occupancy of Na+,K+-ATPase by ouabain
and with recent work from Rajasekaran laboratory (Rajas- (Contreras et al., 1999) or other molecules able to inhibit the
ekaran et al., 2004), we show that the expression of trans- pump (Contreras et al., 2004) triggers a cascade of phospho-
fected P1 -subunit from the dog in CHO-0 cells induces the rylations that results in retrieval of attaching molecules in
coexpression of hamster a-subunit (Figure 3). the so called P-->A mechanism. For further reviews of these

Actually, the relationship between the polarized expres- aspects, see Cereijido et al. (2004).
sion of the pump (P) constituted by Na+,K÷-ATPase and the In summary, although the a-subunit of the Na+,K÷-
attachment (A) provided by its P-subunit was expected on ATPase accounts for most of the properties of the enzyme
three different grounds: 1) The already mentioned observa- (ATP hydrolysis, Mg 2+ binding, Na+ and K+ translocation,
tion from Gloor et al. (Gloor et al., 1990; Schmalzing et al., and ouabain binding), the P-subunit role seems to be re-
1992; Muller-Husmann et al., 1993) that the P-subunit has the duced to a partner of a-subunit. Yet, in the present work, we
typical structure of an adhesion molecule and functions as observe that, due to the adhesiveness it confers, it may
such; 2) studies from the Takeyasu laboratory (Takeyasu et establish a linkage with a similar subunit located in a neigh-
al., 2001; Okamura et al., 2003ab) pointing out that early in boring cell across the intercellular space and be responsible
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for the polarized expression of Na+,K+-ATPase in epithelial Ernst, S. A., and Mills, J. W. (1980). Autoradiographic localization of tritiated

cells. ouabain-sensitive sodium pump sites in ion transporting epithelia. J. Histo-
chem. Cytochem. 28, 72-77.

Fambrough, D. M. (1988). The sodium pump becomes a family. Trends
ACKNOWLEDGMENTS Neurosci. 11, 325-328.

We thank Dr. Michael Caplan who have generously provided the antibody Fambrough, D. M., and Bayne, E. K. (1983). Multiple forms of (Na+ +

against the dog Pl-subunit and Dr. Robert Farley for the cDNA coding for the K+)-ATPase in the chicken. Selective detection of the major nerve, skeletal
dog kidney Pl-subunit. This work was performed with economic support of muscle, and kidney form by a mAb. J. Biol. Chem. 258, 3926-3935.

the National Research Council of M6xico (Consejo Nacional de Ciencia y Forbush, B., 3rd, Kaplan, J. H., and Hoffman, J. F. (1978). Characterization of
Tecnologia) and a travel award for L. S. from The Royal Society (London) and a new photoaffinity derivative of ouabain: labeling of the large polypeptide
the Mexican Academy of Science (Academia Mexicana de Ciencias). and of a proteolipid component of the Na, K-ATPase. Biochemistry 17,

3667-3676.

REFERENCES Geering, K. (1990). Subunit assembly and functional maturation of Na,K-
ATPase. J. Membr. Biol. 115, 109-121.

Ackermann, U., and Geering, K. (1990). Mutual dependence of Na,K-ATPase
alpha- and beta-subunits for correct posttranslational processing and intra- Geering, K., Theulaz, I., Verrey, F., Hauptle, M. T., and Rossier, B. C. (1989).

cellular transport. FEBS Lett. 269, 105-108. A role for the beta-subunit in the expression of functional Na+-K+-ATPase in
Xenopus oocytes. Am. J. Physiol. 257, C851-C858.

Caplan, M . J., Anderson, H . C., Palade, G. E., and Jamieson, J. D. (1986). GloorS Ao c e k, H. J weadner . J P l, S.

Intracellular sorting and polarized cell surface delivery of (Na+,K+)ATPase, Gloor, S., Antonicek, H., Sweadner, K. J., Pagliusi, S., Frank, R., Moos, M., and

an endogenous component of MDCK cell basolateral plasma membranes. Cell Schachner, M. (1990). The adhesion molecule on glia (AMOG) is a homologue

46, 623-631. of the beta subunit of the Na,K-ATPase. J. Cell. Biol. 110, 165-174.

Cereijido, M., Contreras, R. G., and Shoshani, L. (2004). Cell adhesion, polar- Gonzalez-Mariscal, L., Chavez, D. R., Lazaro, A., and Cereijido, M. (1989).
ity, and epithelia in the dawn of metazoans. Physiol. Rev. 84, 1229-1262. Establishment of tight junctions between cells from different animal species

and different sealing capacities. j. Membr. Biol. 107, 43-56.

Cereijido, M., Contreras, R. G., Shoshani, L., and Garcia-Villegas, M. R. (2003).

Membrane targeting. Prog. Biophys. Mol. Biol. 81, 81-115. Gottardi, C. J., and Caplan, M. J. (1993). Molecular requirements for the
cell-surface expression of multisubunit ion-transporting ATPases. Identifica-

Cereijido, M., Ehrenfeld, J., Femandez-Castelo, S., and Meza, I. (1981). Fluxes, tion of protein domains that participate in Na,K-ATPase and HK-ATPase
junctions, and blisters in cultured monolayers of epithelioid cells (MDCK). subunit assembly. J. Biol. Chem. 268, 14342-14347.
Ann. N.Y. Acad. Sci. 372, 422-441.

Gundersen, D., Orlowski, J., and Rodriguez-Boulan, E. (1991). Apical polarity
Cereijido, M., Ehrenfeld, J., Meza, I., and Martinez-Palomo, A. (1980). Struc- of Na,K-ATPase in retinal pigment epithelium is linked to a reversal of the
tural and functional membrane polarity in cultured monolayers of MDCK ankyrin-fodrin submembrane cytoskeleton. J. Cell. Biol. 112, 863-872.
cells. J. Membr. Biol. 52, 147-159.

Hammerton, R. W., Krzeminski, K. A., Mays, R. W., Ryan, T. A., Wollner,
Cereijido, M., Gonzalez-Mariscal, L., and Borboa, L. (1983). Occluding junc- D. A., and Nelson, W. J. (1991). Mechanism for regulating cell surface distri-
tions and paracellular pathways studied in monolayers of MDCK cells. J. Exp. bution of Na+,K(+)-ATPase in polarized epithelial cells. Science 254, 847-
Biol. 106, 205-215. 850.

Cereijido, M., Robbins, E. S., Dolan, W. J., Rotunno, C. A., and Sabatini, D. D. Horowitz, B., Eakle, K. A., Scheiner-Bobis, G., Randolph, G. R., Chen, C. Y.,
(1978). Polarized monolayers formed by epithelial cells on a permeable and Hitzeman, R. A., and Farley, R. A. (1990). Synthesis and assembly of func-
translucent support. J. Cell. Biol. 77, 853-880. tional mammalian Na,K-ATPase in yeast. J. Biol. Chem. 265, 4189-4192.

Cereijido, M., and Rotunno, C. A. (1971). Introduction to the Study of Biolog- Jaunin, P., Horisberger, J. D., Richter, K., Good, P. J., Rossier, B. C., and
ical Membranes, New York: Gordon & Breach, Science Publishers. Geering, K. (1992). Processing, intracellular transport, and functional expres-

Cereijido, M., Shoshani, L., and Contreras, R. G. (2000). Molecular physiology sion of endogenous and exogenous alpha-beta 3 Na,K-ATPase complexes in
and pathophysiology of tight junctions. I. Biogenesis of tight junctions and Xenopus oocytes. J. Biol. Chem. 267, 577-585.
epithelial polarity. Am. J. Physiol. 279, G477-G482. Just, F., and Walz, B. (1994). Immunocytochemical localization of Na+/K(+)-

Cereijido, M., Shoshani, L., and Contreras, R. G. (2001). The polarized distri- ATPase and V-H(+)-ATPase in the salivary glands of the cockroach, Peripla-
bution of Na+, K+-ATPase and active transport across epithelia. J. Membr. neta americana. Cell Tissue Res. 278, 161-170.
Biol. 184, 299-304. Kashgarian, M., Biemesderfer, D., Caplan, M., and Forbush, B., 3rd. (1985).
Cereijido, M., Shoshani, L., and Contreras, R. G. (2002). Functional Analysis of mAb to Na,K-ATPase: immunocytochemical localization along nephron seg-
the Tight Junctions. In: Cell-Cell Interactions, ed. T. P. Fleming, New York: ments, Kidney Int. 28, 899-913.
Oxford University Press, 71-91. Koefoed-Johnsen, V., and Ussing, H. H. (1958). The nature of the frog skin
Contreras, R. G., Avila, G., Gutierrez, C., Bolivar, J. J., Gonzalez-Mariscal, L., potential. Acta Physiol. Scand. 42, 298-308.
Darzon, A., Beaty, G., Rodriguez-Boulan, E., and Cereijido, M. (1989). Repo-
larization of Na+-K+ pumps during establishment of epithelial monolayers. Louvard, D. (1980). Apical membrane aminopeptidase appears at site of
Am. J. Physiol. 257, C896-C905. cell-cell contact in cultured kidney epithelial cells. Proc. Natl. Acad. Sci. USA

77, 4132-4136.
Contreras, R. G., Flores-Maldonado, C., Lazaro, A., Shoshani, L., Flores-

Benitez, D., Larre, I., and Cereijido, M. (2004). Ouabain binding to Na+,K+- Mcneill, H., Ozawa, M., Kemler, R., and Nelson, W. J. (1990). Novel function
ATPase relaxes cell attachment and sends a specific signal (NACos) to the of the cell-adhesion molecule uvomorulin as an inducer of cell-surface polar-
nucleus. J. Membr. Biol. 198, 147-158. ity. Cell 62, 309-316.

Contreras, R. G., Lazaro, A., Bolivar, J. J., Flores-Maldonado, C., Sanchez, Muller-Husmann, G., Gloor, S., and Schachner, M. (1993). Functional charac-
S. H., Gonzalez-Mariscal, L., Garcia-Villegas, M. R., Valdes, J., and Cereijido, terization of beta isoforms of murine Na,K-ATPase. The adhesion molecule on
M. (1995). A novel type of cell-cell cooperation between epithelial cells. J. glia (AMOG/beta 2), but not beta 1, promotes neurite outgrowth. J. Biol.
Membr. Biol. 145, 305-310. Chem. 268, 26260-26267.

Contreras, R. G., Shoshani, L., Flores-Maldonado, C., Lazaro, A., and Musch, A., Xu, H., Shields, D., and Rodriguez-Boulan, E. (1996). Transport of
Cereijido, M. (1999). Relationship between Na(+),K(+)-ATPase and cell at- vesicular stomatitis virus G protein to the cell surface is signal mediated in
tachment. J. Cell. Sci. 112, 4223-4232. polarized and nonpolarized cells. J. Cell. Biol. 133, 543-558.

Contreras, R. G., Shoshani, L., Flores-Maldonado, C., Lazaro, A., Monroy, Nelson, W. J., and Hamnmerton, R. W. (1989). A membrane-cytoskeletal com-
A. 0., Roldan, L., Fiorentino, R., and Cereijido, M. (2002). E-Cadherin and plex containing Na+,K+-ATPase, ankyrin, and fodrin in Madin-Darby canine
tight junctions between epithelial cells of different animal species. Pflugers kidney (MDCK) cells: implications for the biogenesis of epithelial cell polar-
Arch. 444, 467-475. ity. J. Cell. Biol. 108, 893-902.

Dunbar, L. A., Aronson, P., and Caplan, M. J. (2000). A transmembrane Noguchi, S., Mishina, M., Kawamura, M., and Numa, S. (1987). Expression of
segment determines the steady-state localization of an ion-transporting aden- functional (Na + + K+)-ATPase from cloned cDNAs. FEBS Lett. 225, 27-32.
osine triphosphatase. J. Cell. Biol. 148, 769-778. Okamura, H., Denawa, M., Ohniwa, R., and Takeyasu, K. (2003a). P-type

Dunbar, L. A., and Caplan, M. J. (2000). The cell biology of ion pumps: sorting ATPase superfamily: evidence for critical roles for kingdom evolution. Ann.
and regulation. Eur. J. Cell. Biol. 79, 557-563. N.Y. Acad. Sci. 986, 219-223.

1080 Molecular Biology of the Cell



Polarizing Effect of Na+,K+-ATPase 3-Subunit

Okamura, H., Yasuhara, J. C., Fambrough, D. M., and Takeyasu, K. (2003b). Skou, J. C. (1957). The influence of some cations on an adenosine triphos-
P-type ATPases in Caenorhabditis and Drosophila: implications for evolution of phatase from peripheral nerves. Biochim. Biophys. Acta 23, 394-401.
the P-type ATPase subunit families with special reference to the Na,K-ATPase Skou, J. C. (1998). Nobel Lecture. The identification of the sodium pump.
and H,K-ATPase subgroup. J. Membr. Biol. 191, 13-24. Biosci. Rep. 18, 155-169.

Rabito, C. A., and Karish, M. V. (1983). Polarized amino acid transport by an Steinberg, R. H., and Miller, S. S. (1979). Transport and Membrane Properties
epithelial cell line of renal origin (LLC-PK1). The apical systems. J. Biol. Chem. of the Retinal Pigment Epithelium. In: The Retinal Pigment Epithelium, ed.
258, 2543-2547. K. M. Zinn and M. F. Marmor, Cambridge, MA: Harvard University Press,

Rabito, C. A., and Tchao, R. (1980). [3H]ouabain binding during the mono- 205-225.
layer organization and cell cycle in MDCK cells. Am. J. Physiol. 238, C43-C48. Sweadner, K. J., Wetzel, R. K., and Arystarkhova, E. (2000). Genomic organi-

Rajasekaran, S. A., Gopal, J., Willis, D., Espineda, C., Twiss, J. L., and Rajas- zation of the human FXYD2 gene encoding the gamma subunit of the NaK-
ekaran, A. K. (2004). Na,K-ATPase {betajl-Subunit Increases the Translation ATPase. Biochem. Biophys. Res. Commun. 279, 196-201.
Efficiency of the {alpha}l-Subunit in MSV-MDCK Cells. Mol. Biol. Cell 15, Takeichi, M. (1977). Functional correlation between cell adhesive properties
3224-3232. and some cell surface proteins. J. Cell. Biol. 75, 464-474.

Rajasekaran, S. A., Palmer, L. G., Quan, K., Harper, J. F., Ball, W. J., Jr., Bander, Takeyasu, K., and Kawakami, K. (1989). [Na+,K(+)-ATPase: genes, expres-
N. H., Peralta, S. A., Rajasekaran, A. K. (2001). Na,K-ATPase beta-subunit is sion and membrane insertion]. Seikagaku 61, 394-401.
required for epithelial polarization, suppression of invasion, and cell motility. Takeyasu, K., Okamura, H., Yasuhara, J. C., Ogita, Y., and Yoshimura, S. H.
Mol. Biol. Cell 12, 279-295. aeauK. kmrHYshrJC. gt .,ndohi rS..(2001). P-type ATPase diversity and evolution: the origins of ouabain sensi-

Schmalzing, G., Kroner, S., Schachner, M., and Gloor, S. (1992). The adhesion tivity and subunit assembly. Cell. Mol. Biol. 47, 325-333.
molecule on glia (AMOG/beta 2) and alpha 1 subunits assemble to functional Thoreson, M. A., and Reynolds, A. B. (2002). Altered expression of the catenin
sodium pumps in Xenopus oocytes. J. Biol. Chem. 267, 20212-20216. p 120 

in human cancer: implications for tumor progression: Differentiation 70,

Schultz, S. G., and Curran, P. F. (1969). The role of sodium in non-electrolyte 583-589.
transport across animal cell membranes. Physiologist 12, 437-452. Wright, E. M. (1972). Mechanisms of ion transport across the choroid plexus.

Shoshani, L., and Contreras, R. G. (2001). Biogenesis of Epithelial Polarity and J. Physiol. 226, 545-571.
Tight Junctions. In: Tight Junctions, ed. M. Cereijido and J. M. Anderson, Boca Yoshimori, T., Keller, P., Roth, M. G., and Simons, K. (1996). Different bio-
Raton FL: CRC Press, 165-197. synthetic transport routes to the plasma membrane in BHK and CHO cells.

Shull, G. E., Lane, L. K., and Lingrel, J. B. (1986). Amino-acid sequence of the J. Cell. Biol. 133, 247-256.
beta-subunit of the (Na+ + K+)ATPase deduced from a cDNA. Nature 321, Zurzolo, C., and Rodriguez-Boulan, E. (1993). Delivery of Na+,K(+)-ATPase
429-431. in polarized epithelial cells. Science 260, 550-552.

Vol. 16, March 2005 1081



Available online at www.sciencedirect.com

SCIENCE •c( DIRECT* Steroid Biochemistry
&

Molecular Biology
ELSEVIER Journal of Steroid Biochemistry & Molecular Biology xxx (2005) xxx-xxx

www.elsevier.con/locate/jsbmb

Molecular mechanisms mediating the anti-proliferative effects
of Vitamin D in prostate cancer

Jacqueline Moreno, Aruna V. Krishnan, David Feldman*
Department of Medicine, Division of Endocrinology, Stanford University School of Medicine, Stanford, CA 94305, USA

Abstract

Calcitriol (1,25-dihydroxyvitamin D3) inhibits the growth and stimulates the differentiation of prostate cancer (PCa) cells. The effects of
calcitriol are varied, appear to be cell-specific and result in growth arrest and stimulation of apoptosis. Our goal was to define the genes
involved in the multiple pathways mediating the anti-proliferative effects of calcitriol in PCa. We used cDNA microarray analysis to identify
calcitriol target genes involved in these pathways in both LNCaP human PCa cells and primary prostatic epithelial cells. Interestingly, two of
the target genes that we identified play key roles in the metabolism of prostaglandins (PGs), which are known stimulators of PCa cell growth
and progression. The expression of the PG synthesizing cyclooxygenase-2 (COX-2) gene was significantly decreased by calcitriol, while that
of PG inactivating 15-prostaglandin dehydrogenase gene (15-PGDH) was increased. We postulate that this dual action of calcitriol would
reduce the levels of biologically active PGs in PCa cells decreasing their proliferative stimulus and contribute to the growth inhibitory actions
of calcitriol. In addition, we propose that calcitriol can be combined with non-steroidal anti-inflammatory drugs that inhibit COX activity, as
a potential therapeutic strategy to improve the potency and efficacy of both drugs in the treatment of PCa.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction of Vitamin D, has emerged in recent years as a promising
therapeutic agent in the treatment of PCa [2-11]. Calcitriol

Prostate cancer (PCa) is the most commonly diagnosed is an important regulator of calcium homeostasis and bone
malignancy and the second leading cause of cancer death in metabolism through its actions in intestine, bone, kidney
North American men. Primary therapy to treat PCa involves and the parathyroid glands [12]. In addition to these clas-
the surgical removal of the prostate or radiation therapy. sical actions, calcitriol also exerts anti-proliferative and pro-
However, in many men the cancer progresses to advanced differentiating effects in a number of tumors and malignant
or metastatic disease. Androgens play a crucial role in the cells including PCa raising the possibility of its use as an
development, growth and maintenance of the prostate. Most anti-cancer agent.
patients with metastatic PCa who have failed the primary
therapy, receive drugs that block the production of andro-
gens [1]. Although most men have a good initial response 2. Calcitriol and prostate cancer
to the androgen deprivation therapy, almost all of them
will eventually relapse after an average of 2-3 years. This 2.1. Epidemiological and genetic studies
progression develops when the cancer has evolved from
androgen-dependent to androgen-independent PCa (AIPC) PCa development has been shown to be associated with
with limited treatment options and becomes ultimately lethal, age, genetic factors and race [ 1 ]. Various studies indicate that
1,25-Dihydroxyvitamin D3 (calcitriol), the active metabolite dietary [13] and environmental factors also play a role in PCa

genesis. Epidemiological data provide a strong correlation
Corresponding author. Tel.: +1 650 725 2910; fax: +1 650 725 7085. between the exposure to sunlight and the prevalence of cer-
E-mail address: feldman@cmgm.stanford.edu (D. Feldman). tain cancers, particularly prostate cancer [14]. Since UV light
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is essential for Vitamin D synthesis in the skin, these studies 3.2. Differential sensitivity to calcitriol action and
have led to the suggestion that low circulating levels of cal- 24-hydroxylase (CYP24) expression
citriol increase the probability of developing PCa. Moreover,
polymorphisms in the gene encoding the Vitamin D receptor 24-Hydroxylase or CYP24 is the enzyme that initiates
(VDR), which mediates the biological activity of calcitriol, calcitriol catabolism in target cells [12]. Calcitriol induces
may be involved in the development and or progression of the expression of CYP24 in target cells. Therefore, calcitriol
PCa [2-11,13,15]. initiates its own inactivation. CYP24 is widely expressed in

calcitriol target tissues including the prostate [16]. We and
2.2. Prostate as a target for calcitriol others have demonstrated that the anti-proliferative action of

calcitriol varies among PCa cells and is inversely related to
Many studies have demonstrated a beneficial effect of the level of CYP24 [16,18]. For example, the DU145 PCa

calcitriol to inhibit PCa growth and progression [2-11]. Cal- cells, which are resistant to the growth inhibitory action of
citriol exerts anti-proliferative actions in several PCa cell calcitriol, exhibit a high expression of CYP24. Treatment of
lines [16-18], as well as in primary cultures of normal and the DU145 cells with liarozole, an inhibitor of P450 enzymes,
cancer cells derived from surgical specimens taken from men sensitizes the cells to the anti-proliferative actions of calcitriol
with PCa [19]. The inhibition of PCa cell growth is seen [24]. Similarly, Peehl et al. showed that the combined treat-
in both androgen-dependent and AIPC cells [20]. Several ment with the general P450 inhibitor, ketoconazole and cal-
in vivo studies on tumor xenografts established by trans- citriol or its analog EB 1089, increased their growth inhibitory
planting clinical prostate tumors or cultured human PCa actions [25]. These results strongly suggest that the combi-
cells into immune-deficient mice have also demonstrated the nation of calcitriol with P450 inhibitors is a useful strategy to
tumor inhibitory effects of calcitriol [2-11]. The concentra- enhance the anti-cancer activity of calcitriol in PCa treatment.
tions of calcitriol required for eliciting a significant growth
inhibitory response in vivo causes hypercalcemia as a side 4. Clinical studies of calcitriol effects in PCa
effect. Therefore, investigators have used structural analogs
of calcitriol that exhibit reduced calcemic effects in in vivo A pilot clinical study from our lab provides evidence that
studies [2-7,16]. Recent findings suggest that large doses of calcitriol effectively slows the rate of rise of serum pro-
calcitriol can be safely given to patients if administered inter- static specific antigen (PSA) in patients with early recurrent
mittently [8,10]. PCa after radical prostatectomy or radiation therapy [26].

However, the amount of calcitriol administered was limited

3. The role of calcitriol metabolism in cellular by the development of hypercalciuria. Recent advances in
responsiveness to the hormone the design of calcitriol analogs have resulted in potentialdrugs with increased potency and less tendency to cause

3.1. 25-Hydroxyvitamin D3-1-oa-hydroxylase (CYP27B1) hypercalcemia [2-11]. The beneficial effects of calcitriolhave been observed only at supra-physiological concentra-

25-Hydroxyvitamin D3-1-a-hydroxylase (la•-hydroxy- tions (>1 nmol/L). These high concentrations might be more

lase or CYP27B1) is the enzyme mediating the conversion safely achieved without causing persistent hypercalcemia if
of 25(OH)D3 to calcitriol in the kidney, which is the major calcitriol is administered intermittently [8,10]. Recent tri-siteof calcitriol synthesis [12]. Interestingly, it has been found als using intermittent high doses of calcitriol in combination
that I ct-hydroxylase is also expressed in tissues other than the with chemotherapy drugs have shown a beneficial effect in
kidney including the prostate [21]. This suggests that prostate advanced PCa [27] with calcitriol potentiating the anti-tumor
tiduey incabludi the prostceate [21]. ly This sg ests thatproste effects of many cytotoxic agents [28]. Trump et al. completed
tissue is able to produce calcitriol locally and raises the pos- a phase II study of calcitriol and dexamethasone in AIPC.

sibility that hypercalcemia could be bypassed by treatment This study showed a significant slowing in PSA rise in 80%

with 25(OH)D3 . However, we and others [22,23] demon-

strated a substantial reduction in la-hydroxylase activity in of the patients with the stabilization or decrease in PSA in

human PCa cell lines and cancer derived primary prostate 34% [10]. We believe that calcitriol or a new analog will prove
epthumal Pcells compared to the cells derived from normal to be a very useful adjunct for the therapy of.both androgen-epioatheia odependent PCa and AIPC. It is also possible that calcitriol
prostate or benign prostatic hyperplasia (BPH). Based on therapy will prove to be useful in PCa chemoprevention.

these findings we speculate that administration of 25(OH)D3

to patients is unlikely to be effective as treatment of estab-
lished PCa. However, the fact that normal cells exhibit high 5. Molecular mechanisms mediating anti-cancer
la-hydroxylase activity indicates that 25(OH)D3 may be use- response to calcitriol in PCa
ful as a chemopreventive agent due to its local conversion to
the active hormone within the normal prostate. The cause for The mechanisms governing the anti-proliferative actions
the decreased expression of la-hydroxylase in cancer cells of calcitriol are not fully known [2-11]. A number of
remains to be determined, important pathways have been shown to have a role in
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calcitriol-mediated growth inhibition. A primary mechanism Normal
of calcitriol action is to induce cell cycle arrest in the GI/G0 INCaP prostate LNCaP
phase. The growth arrest appears to be due to an increase
in the expression of cyclin-dependent kinase inhibitors 2-]6 h

p2lWaf/Cipl and p27'ipl, a decrease in cyclin-dependent C W2h

kinase 2 (Cdk2) activity, accompanied by a reduction in 1
the nuclear fraction of this molecule and the hyperphospho-

0rylation of the retinoblastoma protein (pRb). In addition, E 0
calcitriol induces apoptosis in some cells and down-regulates 6
some anti-apoptotic genes, like bcl-2. Loss of the expression U_ -1

of cell cycle regulators has been associated with a more
aggressive cancer phenotype, decreased prognosis and -2

poorer survival. This suggests that calcitriol may be a _ _ _ __

suitable therapy to inhibit PCa progression [2-11]. Studies 3 15-PGDH COX-2

from our laboratory have implicated the increased expression Fig 1 Regulation of 15-PGDH and COX-2 by calcitriol in LNCaP cells
of insulin-like growth factor binding protein-3 (IGFBP-3) and normal primary prostatic epithelial cells. LNCaP human prostate cancer

in the growth inhibition induced by calcitriol which in turn cells orprimary human prostatic epithelial cells derived from normal prostate

increases p21waf/CiPl expression [29]. Other mechanisms of were treated with calcitriol (50nM) for 6 (0) or 24h (N). PolyA' RNA

calcitriol actions inPCa cells include the stimulation of differ- was isolated and cDNAs were hybridized to a 24.192 element array. Data

entiation, modulation of growth factor actions and the inhibi- represent mean fold of increase or decrease of gene expression. (Adapted

tion of invasion and metastasis [2-11]. Some in vivo studies from Krishnan et al. [30] and Peehl et al. [31].)

have also demonstrated that the inhibition of angiogenesis normal primary prostate epithelial cells (see Fig. 1) [30,31].
contributes to the anti-tumor effects of calcitriol [2-11]. Calcitriol also suppresses the expression of prostaglandin-

endoperoxide synthase gene, also known as cyclooxygenase-
2 (COX-2) in LNCaP cells (see Fig. 1). We have confirmed

6. Novel calcitriol target genes calcitriol regulation of these two genes by real time RT-
PCR analysis. These data suggest that the regulation of PG

We performed cDNA-microarray analyses of normal and metabolism could be an important molecular pathway of cal-
cancer-derived primary prostatic epithelial cells and LNCaP citriol action in prostate cells.
human PCa cells [30,3 1] to identify the molecular targets by
which calcitriol mediates its effects on PCa cells. Table 1 6.1.1. COX-2
presents some of the genes regulated by calcitriol in prostate Prostaglandins play a role in the development and pro-
cells. Our studies have recently shown that calcitriol regulates gression of PCa (for a review see Ref. [32]). Accumulating
the expression of the genes involved in prostaglandin (PG) evidence implicates PGs as mediators of proliferation of PCa
metabolism which has led us to hypothesize a new pathway [33]. PG synthesis begins with the intracellular release of
for the anti-cancer activity of calcitriol, namely the regulation arachidonic acid (AA) from plasma membrane via the action
of PG metabolism [30,3 1]. of phospholipase A2. COX is the rate-limiting enzyme that

catalyzes the conversion of AA to PGs [34]. The expres-
6.1. Calcitriol effects on prostaglandin metabolism sion of COX-2 is rapidly induced by a variety of mitogens,

cytokines, tumor promoters and growth factors, and there-
Our microarray analyses showed that calcitriol up- fore COX-2 is regarded as an immediate-early response gene

regulates the expression of NADI-dependent 15-hydroxy- [34]. Compelling evidence from genetic and clinical studies
prostaglandin dehydrogenase (15-PGDH) in LNCaP and indicates that increased expression of COX-2 is one of the

Table 1
Genes modulated by calcitriol in prostate cells

Gene Cell type Fold change

6h 24h

Insulin-like growth factor binding protein-3 LNCaP 2.42 33.2
Vitamin D 24-hydroxylase Normal prostate primary cells 79.1 82.5
Vitamin D 24-hydroxylase PCa-derived epithelial cells 78.1 46.1
15-Hydroxyprostaglandin dehydrogenase Normal prostate primary cells 1.2 2.3
15-Hydroxyprostaglandin dehydrogenase LNCaP 0.95 2.66
Cyclooxygenase-2 LNCaP -0.66 -2.13

Adapted from Krishnan et al. [30] and Peehl et al. [31].
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key steps in carcinogenesis. Constitutive and high-levels of actions to reduce COX-2 expression and increase 15-PGDH
COX-2 activity have been detected in colon, lung, breast and expression. We further propose that the modulation of PG
prostate cancer [33,35]. It is known that high levels of PGE2 , metabolism is an important molecular mechanism mediating
one of the products of COX-2 activity, stimulate epithelial the anti-proliferative and anti-metastatic activities of cal-
cell growth [33], promote cell survival and invasion [36]. citriol.
Several studies have demonstrated COX-2 over-expression
in prostate adenocarcinoma [32,37] suggesting a positive
role for COX-2 in prostate tumorigenesis. COX-2 expression 7. Calcitriol and NSAIDs
appears to be linked to cell survival. For example, COX-2
over-expression leads to the stabilization of survivin [38], Recent exciting findings show that non-steroidal anti-
a member of the inhibitor of apoptosis protein family that inflammatory drugs (NSAIDs) exert chemopreventive effects
block caspase activation. The stabilization of survivin alters in several cancers [32,45]. NSAIDs have also been shown to
the balance between pro- and anti-apoptotic pathways lead- suppress PCa development and progression [32,46]. The pri-
ing to resistance to apoptosis. COX-2 expression has also mary action of NSAIDs is to inhibit PG synthesis by directly
been associated with angiogenesis and tumor metastasis [37] inhibiting the enzymatic activity of COX- 1 as well as COX-
and the administration of a COX-2 inhibitor suppresses the 2. Many in vitro and in vivo studies have demonstrated that
growth of prostate tumor xenograft in mice by inhibiting NSAIDs inhibit PCa growth and cause apoptosis of PCa
angiogenesis [32]. We have found that calcitriol treatment cells [32,45]. However, many NSAIDs exhibit differences
decreases COX-2 gene expression in PCa cells (Fig. 1) [30]. between their ability to inhibit COX-2 and to induce apopto-
Our data suggest that COX-2 suppression by calcitriol might sis suggesting that apoptosis induction may be independent
contribute to the hormone's tumor inhibitory actions and anti- of COX-2 inhibition [47]. The actions of NSAIDs on 15-
metastatic potential. PGDH are not clear. While many NSAIDs have been shown

to inhibit the enzymatic activity of 15-PGDH [48], the non-
6.1.2. 15-PGDH selective NSAID indomethacin has been reported to enhance

15-PGDH catalyzes the conversion of PGs into mostly the expression and activity of 15-PGDH in thyroid carcinoma
inactive 15-keto derivatives [39]. A growing body of evidence [49].
has implicated 15-PGDH as a potential target for cancer ther- We hypothesize that the combination of calcitriol and
apy [40,41]. Various studies indicate that 15-PGDH acts as NSAIDs would be additive/synergistic in their activity to
a putative tumor suppressor gene in lung cancer [41]. Back- inhibit PCa growth. The action of calcitriol at the genomic
lund et al. [42] demonstrated a down-regulation of 15-PGDH level to suppress COX-2 gene expression will decrease the
expression in colorectal carcinoma. 15-PGDH has recently levels of COX-2 protein and allow the use of lower concen-
been described as an oncogene antagonist that functions as trations of NSAIDs to inhibit COX-2 enzyme activity. The
a tumor suppressor in colon cancer [43]. The study found action of calcitriol to increase 15-PGDH expression would
that 15-PGDH, which physiologically antagonizes COX-2, also complement NSAID action. The use of COX-2 selec-
was universally expressed in normal colon specimens but tive NSAIDs has recently been shown to cause some serious
was routinely absent or severely reduced in cancer speci- cardiovascular side effects, such as increased risk of heart
mens. The study also showed that 15-PGDH expression was attacks, stroke, sudden death and blood clots [50]. The unde-
induced by transforming growth factor P3 (TGFj3) and that sirable effect of calcitriol therapy is limited to hypercalcemia.
colon tumor cells exhibited mutations in TGFIP receptors or We propose that a combination therapy of calcitriol with
the genes involved in the SMAD signaling pathway explain- a NSAID would allow the use of lower concentrations of
ing the decreased 15-PGDH levels in colon cancer. Most both drugs, thus reducing their individual side effects while
importantly, stable transfection of a 15-PGDH expression increasing their anti-proliferative and pro-apoptotic activi-
vector into cancer cells greatly reduced the ability of the cells ties.
to form tumors and/or slowed tumor growth in nude mice. The
authors concluded that 15-PGDH suppressed the effects of
the oncogene COX-2 and had an additional effect to inhibit 8. Conclusions
angiogenesis in vivo [43]. Our studies show an up-regulation
of 15-PGDH gene expression by calcitriol in normal and Our research is directed at understanding the molecu-
malignant prostate cells (Fig. 1) [30,31] and this regula- lar mechanisms of the anti-proliferative activity of calcitriol
tion might mediate some of the anti-cancer effects of cal- in prostate cells with the goal of developing strategies to
citriol. Interestingly, calcitriol has also been shown to induce improve PCa treatment. Using cDNA microarrays we have
the expression of 15-PGDH in human neonatal monocytes recently found that calcitriol modulates the expression genes
[44]. involved in PG metabolism. Calcitriol suppresses the expres-

Based on our observations summarized in Table 1, we sion of COX-2 gene, the enzyme that catalyzes PG synthe-
hypothesize that calcitriol treatment of PCa cells would sis and up-regulates the expression of 15-PGDH gene, the
reduce the levels of biologically active PGs due to its dual enzyme involved in PG inactivation. We hypothesize that
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calcitriol treatment of PCa cells would reduce the levels of [6] A.V. Krishnan, D.M. Peehl, D. Feldman, The role of Vitamin D
biologically active PGs due to its dual actions on COX-2 and in prostate cancer, Recent Results Cancer Res. 164 (2003) 205-

15-PGDH expression, and thereby decrease the PG-mediated 221.

proliferative stimulus. We further propose that the calcitriol [7] T.C. Chen, M.F. Holick, Vitamin D and prostate cancer prevention
and treatment, Trends Endocrinol. Metab. 14 (2003) 423-430.

effects would complement the action of NSAIDs, which are [8] T.M. Beer, A. Myrthue, Calcitriol in cancer treatment: from the lab
known inhibitors of both COX-1 and COX-2. The action to the clinic, Mol. Cancer Ther. 3 (2004) 373-381.
of calcitriol at the genomic level to suppress COX-2 gene [9] L.V. Stewart, N.L. Weigel, Vitamin D and prostate cancer, Exp. Biol.

expression will decrease the levels of COX-2 protein and Med. (Maywood) 229 (2004) 277-284.
allow the use of lower the concentrations of NSAIDs needed [10] D.L. Trump, P.A. Hershberger, R.J. Bemardi, S. Ahmed, J. Muindi,M. Fakih, W.D. Yu, C.S. Johnson, Anti-tumor activity of calcitriol:
to inhibit COX-2 enzyme activity. A combination of calcitriol pre-clinical and clinical studies, J. Steroid Biochem. Mol. Biol.
with a NSAID would allow the use of lower concentrations of 89-90 (2004) 519-526.
both drugs, thus reducing their individual side effects while [11] A.V. Krishnan, D.M. Peehl, D. Feldman, in: D. Feldman, J.W. Pike,
increasing their anti-proliferative and pro-apoptotic activi- F. Glorieux (Eds.), Vitamin D and Prostate Cancer, Vitamin D, Aca-

ecombination approach is an attractive therapeutic demic Press, San Diego, 2005, pp. 1679-1707.
ties. The [12] D. Feldman, P.J. Malloy, C. Gross, in: R. Osteoporosis, D. Marcus,strategy in the treatment of PCa and can be brought to clini- J. Feldman, Kelsey (Eds.), Vitamin D: Biology, Actions and Clinical
cal trials swiftly. Implications, vol. 1, Academic Press, San Diego, 2001, pp. 257-

303.
[13] J.M. Chan, P. Pietinen, M. Virtanen, N. Malila, J. Tangrea, D.

Note added in proof Albanes, J. Virtamo, Diet and prostate cancer risk in a cohort of
smokers, with a specific focus on calcium and phosphorus (Finland),
Cancer Causes Control 11 (2000) 859-867.

Since this paper was originally written we have used real- [14] C.L. Hanchette, G.G. Schwartz, Geographic patterns of prostate can-
time PCR and Western blot analyses to confirm that calcitriol cer mortality. Evidence for a protective effect of ultraviolet radiation,
inhibits PG actions in human PCa cell lines and primary pro- Cancer 70 (1992) 2861-2869.
static epithelial cells. We found that calcitriol increased the [15] Y Xu, A. Shibata, J.E. McNeal, T.A. Stamey, D. Feldman, D.M.Peehl, Vitamin D receptor start codon polymorphism (FokI) and
expression of 15-PGDH, reduced the expression of COX- prostate cancer progression, Cancer Epidemiol. Biomarkers Prev. 12
2, and reduced the expression of EP2 and FP PG receptors. (2003) 23-27.
These three calcitriol actions combine to decrease secreted [16] R.J. Skowronski, D.M. Peehl, D. Feldman, Vitamin D and
PGE2 and block cell growth stimulated by arachidonic acid prostate cancer: 1,25 dihydroxyvitamin D3 receptors and actions in
and exogenous PGs. Moreover, calcitriol, in combination human prostate cancer cell lines, Endocrinology 132 (1993) 1952-1960.
with various NSAIDs, produces synergistic inhibition of PCa [17] R.J. Skowronski, D.M. Peehl, D. Feldman, Actions of Vitamin D3,
cell growth at lower and safer drug concentrations. These data analogs on human prostate cancer cell lines: comparison with 1,25-
suggest that calcitriol and NSAIDs may be a useful combina- dihydroxyvitamin D3, Endocrinology 136 (1995) 20-26.
tion for chemotherapy and/or chemoprevention of PCa. These [18] G.J. Miller, G.E. Stapleton, T.E. Hedlund, K.A. Moffat, Vitamin D
new findings are now in press in Cancer Research 2005. receptor expression, 24-hydroxylase activity, and inhibition of growthby lalpha,25-dihydroxyvitamin D3 in seven human prostatic carci-

noma cell lines, Clin. Cancer Res. 1 (1995) 997-1003.
[19] D.M. Peehl, R.J. Skowronski, G.K. Leung, ST. Wong, T.A. Stamey,
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Abstract 1,25-Dihydroxyvitamin D3 (calcitriol), the active form of

Calcitriol exhibits antiproliferative and prodifferentiation vitamin D, is the major regulator of calcium and phosphate

effects in prostate cancer. Our goal is to further define the homeostasis in bone, kidney, and intestine (2). However, calcitriol

mechanisms underlying these actions. We studied established has also been shown to exhibit antiproliferative and prodiffer-

human prostate cancer cell lines and primary prostatic epi- entiation effects in many normal and malignant cells including

thelial cells and showed that calcitriol regulated the expression prostate cancer cells (3-10). There are multiple mechanisms

of genes involved in the metabolism of prostaglandins (PGs), underlying the antiproliferative effects of calcitriol, which vary

known stimulators of prostate cell growth. Calcitriol signifi- between target cells (10). These include cell cycle arrest (9, 11)

cantly repressed the inRNA and protein expression of prosta- and the induction of apoptosis (12). Several genes that mediate

glandin endoperoxide synthase/cyclooxygenase-2 (COX-2), these growth regulatory effects have been identified to be the

the key PG synthesis enzyme. Calcitriol also up-regulated the molecular targets of calcitriol action, such as p21, p27, bcl-2, and

expression of 15-hydroxyprostaglandin dehydrogenase, the insulin-like growth factor binding protein-3 (IGFBP-3; refs. 5-14).

enzyme initiating PG catabolism. This dual action was We recently did cDNA microarray analyses to more fully

associated with decreased prostaglandin E2 secretion into characterize the spectrum of genes regulated by calcitriol in

the conditioned media of prostate cancer cells exposed to prostate cells (15, 16). Among the newly identified genes regulated

calcitriol. Calcitriol also repressed the mRNA expression of by calcitriol, we found two genes which play a key role in

the PG receptors EP2 and FP, providing a potential additional prostaglandin (PG) metabolism: the prostaglandin endoperoxide

mechanism of suppression of the biological activity of PGs. synthase-2 or cyclooxygenase (COX)-2 and the NAD-dependent

Calcitriol treatment attenuated PG-mediated functional 15-hydroxyprostaglandin dehydrogenase (15-PGDH). PGs are

responses, including the stimulation of prostate cancer cell synthesized from free arachidonic acid (17) by COXs. There are

growth. The combination of calcitriol with nonsteroidal anti- two well-characterized COX isoforms: COX-1, a constitutive form

inflammatory drugs (NSAIDs) synergistically acted to achieve of the enzyme, and COX-2, an inducible form of the enzyme. PGs

significant prostate cancer cell growth inhibition at - 2 to I0 are implicated in the initiation and progression of many

times lower concentrations of the drugs than when used alone, malignancies including prostate cancer (18-20). Tumor cells with

In conclusion, the regulation of PG metabolism and biological elevated COX-2 levels are highly resistant to apoptosis, show

actions constitutes a novel pathway ofcalcitriol action that may increased angiogenic potential, and exert suppressive effects on

contribute to its antiproliferative effects in prostate cells. We host immunity (19, 20). Nonsteroidal anti-inflammatory drugs

propose that a combination of calcitriol and nonselective (NSAIDs), known inhibitors of both COX-1 and COX-2 enzymatic

NSAIDs might be a useful chemopreventive and/or therapeutic activity, are under intense investigation to prevent and/or treat
strategy in men with prostate cancer, as it would allow the use malignancies (19, 21). 15-PGDH, which mediates the catalytic

of lower concentrations of both drugs, thereby reducing their inactivation of PGs by converting them to the corresponding keto
toxic side effects. (Cancer Res 2005; 65(17): 7917-25) derivatives, has been found to be down-regulated in some cancers

(22, 23) and has recently been regarded as a tumor suppressor

Introduction gene (24).

In the United States, prostate cancer remains the most common In the current study, we investigated the regulation of COX-2 and
() 15-PGDH by calcitriol in the androgen-dependent LNCaP and

solid tumor malignancy in men, causing - 30,000 deaths in 2005 (1). adg- independent lnes ase

Effective treatment options include surgery and radiation therapy. androgen-independent PC-3 human prostate cancer cell lines as well

The main treatment strategy for advanced prostate cancer involves as in primary prostatic epithelial cells derived from normal and
androgen deprivation therapy to which patients initially respond cancerous human prostate tissue. Calcitriol reduced the expression

andrgen epriatio theapyof COX-2 and increased that of 15-PGDH. Calcitriol treatment of

very well. However, most patients eventually fail this therapy and

frequently develop metastatic disease. Current research on prostate prostate cancer cells decreased the concentration of prostaglandin

cancer aims to identify new agents that would prevent and/or inhibit E2 (PGE2 ) secreted into the conditioned medium. In addition,

its progression. calcitriol also decreased the expression of the mRNA of PG receptors
EP2 and FP. Our data indicate that these mechanisms led to the
attenuation of PG-mediated functional responses by calcitriol,
including the suppression of PG stimulation of cell growth. Further,

Requests for reprints: David Feldman, Stanford University School of Medicine, our study showed that the combination of calcitriol and NSAIDs
Room S025, 300 Pasteur Drive, Stanford, CA 94305-5103. Phone: 650-725-2910; Fax: 650- exhibited synergistic growth inhibition, suggesting that the combi-
725-7085; E-mail: feldman@cmgm.stanford.edu.

@2005 American Association for Cancer Research. nation might be a useful therapeutic and/or chemopreventive
doi:10.1158/0008-5472.CAN-05-1435 strategy in prostate cancer.
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Materials and Methods monoclonal enzyme immunoassay kit (Cayman Chemical) according to the
protocol of the manufacturer.

Materials Western blot analysis. Cell lysates were prepared from vehicle or
PGE2, prostaglandin F2 (PGF2,), arachidonic acid, NS-398, and SC-58125 calcitriol-treated cells by lysis with a buffer containing 50 mmol/L Tris-HCI,

were obtained from Cayman Chemical Co. (Ann Arbor, MI). Calcitriol was a I mmol/L EDTA, and 1.6 mmol/L CHAPS (Sigma-Aldrich, St. Louis, MO)
gift from Leo Pharma A/S (Ballerup, Denmark). All stock solutions were supplemented with a protease inhibitor cocktail (Complet, Roche
made in 100% ethanol and stored at -20°C. Tissue culture media were Diagnostics GmbH, Mannheim, Germany). Lysates were incubated at 4°C
obtained from Mediatech, Inc. (Hemdon, VA). Tissue culture supplements for 20 minutes and centrifuged at 10,000 x g for 1 minute to sediment
and fetal bovine serum (FBS) were obtained from Life Technologies, Inc. particulate material. The protein concentration of the supernatant was
(Grand Island, NY). measured by the Bradford method (30). Proteins were separated in either

Methods 10% NuPAGE gels in MOPS-SDS running buffer (Invitrogen) or 10%
Cell culture. LNCaP (ATCC no. CRL-1740) and PC-3 (ATCC no. CRL-1435) polyacrylamide Tris-Tricine (Sigma-Aldrich) gels depending on the size of

cells were grown in RPMI 1640 supplemented with 5% FBS, 100 IU/mL of the protein to be detected. After electrophoresis, proteins were transferred
penicillin, and 100 gsg/mL streptomycin (Life Technologies). Cells were onto nitrocellulose membranes by electroblotting. The COX-2 monoclonal
maintained at 37°C with 5% CO 2 in a humidified incubator. Primary cells (1:1000 dilution) and 15-PGDH polyclonal antibodies (1:250 dilution) used in
were derived from radical prostatectomy specimens from men undergoing our study were purchased from Cayman Chemicals. P-Actin monoclonal
surgery for prostate cancer treatment. None of the patients had received prior antibody (dilution 1:500) was obtained from Santa Cruz Biotechnology, Inc.
therapy for prostate cancer. The normal cell strains (E-PZ-1 to -3) were (Santa Cruz, CA). Membranes were incubated with the appropriate primary
derived from peripheral zone tissue with no histologic evidence of cancer in antibodies followed by incubations with a secondary antibody to
adjacent sections. The cancer cell strains used, E-CA-1 (Gleason grade 3/3), immunogiobulin G conjugated to horseradish peroxidase (Cell Signaling
E-CA-2 (Gleason grade 4/5), and E-CA-3 (Gleason grade 4/3), were derived Technology, Inc., Beverly, MA). Immunoreactive bands were visualized using
from adenocarcinoma specimens. Primary cell cultures were established the enhanced chemiluminescence Western blot detection system (Amer-
from the prostate tissue samples and propagated in culture as we have sham, Piscataway, NJ) according to the instructions of the manufacturer.
previously described (25). The blots were also probed for the expression of P-actin as a control. COX-2

Cell proliferation assay. Prostate cancer cells were seeded at an initial protein was visualized as a -70 kDa immunoreactive band. 15-PGDH
density of 1.5 x 105 cells/well in six-well tissue culture plates and allowed to protein was visualized as a - 29 kDa immunoreactive band. Immunoreac-
attach overnight in RPMI 1640 with 5% FBS. Cell cultures were shifted to tive bands were scanned by densitometry (HP Scanjet 7400C) and
medium containing 2% FBS and treated in triplicate over the next 6 days with quantified using Bio-Rad software (Bio-Rad, Hercules, CA). COX-2 or 15-
either 0.1% ethanol vehicle or the indicated concentrations of drugs. Fresh PGDH signals were normalized to P-actin levels in each sample.
media and the drugs were replenished every other day. At the end of the
treatment, the cells were collected by gentle scraping and subjected to lysis in Results
0.2 N NaOH. Cell proliferation was assessed by the determination of DNA
content (26). We previously showed by cDNA microarray analysis that calcitriol

RNA isolation and real-time reverse transcription-PCR. Total RNA regulated the expression of two of the key genes involved in PG
was isolated from vehicle or drug-treated cells by the Chomczynski method metabolism (i.e., COX-2 and 15-PGDH) in LNCaP human prostate
using Trizol reagent (Invitrogen, Life Technologies, Inc., Carlsbad, CA) as cancer cells (15) and 15-PGDH in primary normal prostatic epithelial
previously described (15). The yield and purity of isolated RNA were checked cells (16). In the present study, we extended these observations to
by UVspectrophotometry. Five micrograms of total RNA were used in reverse include an evaluation of calcitriol effects on the expression of these
transcription reactions using the SuperScript III first strand synthesis kit two genes at both the mRNA and protein levels in LNCaP and PC-3
(Invitrogen). Gene expression in vehicle or calcitriol-treated cells was cells. In addition, we also examined the effects of calcitriol in
determined by real-time PCR using the reverse transcription product and
gene-specific primers. The reactions were carried outwith the DyNamo SYBR primary prostatic epithelial cell strains derived from normal
Green qPCR kit (Finnzymes, Oy, M.J. Research, Reno, NV) in a 20 1iL reaction prostate as well as prostate adenocarcinoma specimens.
volume containing gene-specific primers (10 pmol). All real-time PCR Down-regulation of cyclooxygenase-2 expression by calci-
reactions were done in duplicate according to the following program: triol. Real-time reverse transcription-PCR (RT-PCR) analysis
incubation at 72°C for 5 minutes, incubation at 95°C for 5 minutes, and 40 showed significant decreases in COX-2 mRNA levels in both
cycles of 94°C for 20 seconds, 58°C for 15 seconds, and 72°C for 20 seconds. androgen-dependent LNCaP (- 70% inhibition) and androgen-
PCR products were subjected to agarose gel electrophoresis to determine the independent PC-3 cells (-45% inhibition) due to calcitriol
purity and size of the amplified products (27). Real-time PCR was carried out treatment (Fig. 1A). Although both LNCaP and PC-3 prostate cancer
using an Opticon 2 DNA engine (M.J. Research). Relative changes in mRNA cells have been shown to express COX-2 protein (31), we found that
expression levels were assessed by the 2 -AAc(T) method (28). Changes in

Aexpression oflhediferntlens were noressedbythe malized to8). that ges of PC-3 cells exhibited higher basal levels of COX-2 protein expressionmRNA expression of the different genes were normalized to that of TATA

binding protein (TBP) gene or glyceraldehyde-3-phosphate dehydrogenase when compared with LNCaP cells (not shown). We therefore used
(GAPDH) gene. The primers used were as follows: COX-2: 5'-GATACTCAGG- PC-3 cells to assess the effect of calcitriol on COX-2 protein
CAGAGATGATCTACCC-3' (sense), 5'-AGACCAGGCACCAGACCAAAGA-3' expression. Figure 1B shows that the addition of 10 nmol/L calcitriol
(antisense); 15-PGDH: 5'-GACTCTGTTCATCCAGTGCG-3' (sense), 5-CCTT- to PC-3 cultures for 48 hours reduced COX-2 protein level to - 60%
CACCTCCATTTTGCTTACTC-3' (antisense); c-fos: 5'-GAATAAGATGGCTG- of control, with 100 nmol/L calcitriol having no further effect.
CAGCCAAATGCCGCAA-3' (sense), 5'-CAGTCAGATCAAGGGAAGCCACA- Up-regulation of 15-hydroxyprostaglandin dehydrogenase
GACATCT-3' (antisense; ref. 29); EP2: 5'-GTGCTGACAAGGCACTTCATGT-3' expression by calcitriol. We examined the effect of calcitriol on
(sense), 5'-TGTTCCTCCAAAGGCCAAGTAC-3' (antisense); FP: 5'-GCACATT- 15-PGDH mRNA levels in LNCaP and PC-3 cells. Our data show
GATGGGCAACTAGAA-3' (sense), 5'-GCACCTATCATTGGCATGTAGC'-3' that 10 nmol/L calcitriol increased 15-PGDH mRNA expression by
(antisense); TBP: 5'-CACTCACAGACTCTCACAACTGC-3' (sense), 5'-
GTGGTTCGTGGCTCTCTTATC-3' (antisense); GAPDH: 5'-GCCTCAAGAT- - 3.6-fold in LNCaP cells and by -3-fold in PC-3 cells (Fig. 1C).
CATCAGCA-3' (sense), 5'-GTTGCTGTAGCCAAATTC-3' (antisense). We found that the basal protein expression of 15-PGDH varied

Measurement of prostaglandin E2 secretion. Subconfluent LNCaP between different cell lines with the LNCaP exhibiting appreciable
cells were treated with vehicle or calcitriol for 48 hours. Conditioned media levels of the 15-PGDH protein whereas barely detectable levels
were collected and secreted PGE2 levels were quantitated using a PGE2  were seen in PC-3 cells. Therefore, we examined the effect of
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calcitriol on 15-PGDH protein expression in LNCaP cells and appreciable increases in 15-PGDH mRNA in two of the three strains
found a dose-dependent increase in 15-PGDH protein levels in tested. The time course of this effect showed minor differences. In
response to calcitriol treatment (Fig. 1D). E-PZ-1 and E-PZ-2 cells significant increases (- 2- to 18-fold) were

Calcitriol effects on cyclooxygenase-2 and 15-hydroxypros- achieved at the end of 6 and 24 hours, respectively (Fig. 2C). In two
taglandin dehydrogenase mRNA levels in primary prostatic of three of the cancer-derived primary cultures (E-CA-2 and -3),
epithelial cells. We extended our analysis to include calcitriol significant increases (-2- to 5-fold) were seen at the end of 24
effects on primary cultures of prostatic epithelial cells derived from hours (Fig. 2D). In general, the magnitude of COX-2 mRNA down-
normal prostate as well as adenocarcinoma specimens removed at regulation as well as 15-PGDH mRNA increase was more
surgery. Real-time RT-PCR analysis showed considerable decreases pronounced in the primary cells derived from normal prostatic
(55-90%) in COX-2 mRNA levels in two of the three normal primary tissue when compared with both the cancer-derived primary cells
cell strains tested (E-PZ-1 and E-PZ-3) after 24 hours of calcitriol and the established prostate cancer cell lines.
treatment (Fig. 2A). In all three cancer-derived primary cultures Effect of calcitriol on prostaglandin levels. As a result of the
(E-CA-1 to -3) significant reductions (-48-60%) in COX-2 mRNA dual action of calcitriol to down-regulate the expression of PG
levels were seen at an earlier time point, after 6 hours of calcitriol synthesizing COX-2 and increase the PG catabolizing 15-PGDH, we
treatment, and the down-regulatory effect was lost by 24 hours expected a reduction in PG production and secretion in prostate
except in the case of E-CA-2 (Fig. 2B). Figure 2C and D shows the cancer cells treated with calcitriol. We measured the levels of PGE2

calcitriol-induced changes in 15-PGDH mRNA in primary prostatic in the conditioned media from LNCaP cells treated with various
cells. In the normal primary cells, calcitriol treatment caused concentrations of calcitriol for 48 hours. Figure 3A shows that the
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Figure 2. Calcitriol regulates the expression of COX-2 and 15-PGDH mRNA in primary prostatic epithelial cells. Primary cultures of prostatic epithelial cells
derived from the peripheral zone of normal prostate tissue (E-PZ-1 to -3) or adenocarcinoma (E-CA-1 to -3) were treated with 0.1% ethanol (Con) or with 10 nmol/L
calcitriol (Cal) for 6 or 24 hours. Total RNA was extracted and COX-2 and 15-PGDH mRNA levels were quantitated by real-time RT-PCR using gene-specific
primers as described in Materials and Methods. COX-2 and 15-PGDH mRNA levels were normalized to GAPDH mRNA levels and are given as apercent of control set
at 100%. Columns, mean from three experiments; bars, SE. Effect of calcitriol on COX-2 mRNA in three different normal primary epithelial cell strains (A) and in
cancer-derived cell strains (B). Changes in 15-PGDH mRNA in normal cell strains (C) and in cancer-derived cell strains (D). *, P < 0.05; **, P < 0.01; ***, P < 0.001,
when compared with control.

addition of calcitriol caused a significant reduction in PGE2  shown in Fig. 3D, in vehicle pretreated cells arachidonic acid
secretion with the maximal decrease (.- 34%) seen with 100 nmol/L exposure resulted in a significant induction (- 2.5-fold) of c-fos
calcitriol. mRNA levels after 30 minutes. Calcitriol pretreatment completely

Effects of calcitriol on prostaglandin receptor expression. abrogated the induction of c-fos mRNA due to arachidonic acid
Prostate cancer cells have been shown to express the PGE receptor addition. Calcitriol pretreatment by itself caused a minor increase
subtypes EP2 and EP4 (29). We examined the effects of calcitriol on in c-fos mRNA levels when compared with vehicle pretreated cells,
the expression of the PGE2 receptor isoforms EP1, EP2, EP3, and EP4, which was not statistically significant.
and the PGF 2. receptor FP. LNCaP cells treated with 10 nmol/L Effects of calcitriol on prostaglandin-mediated growth
calcitriol for 24 hours showed a significant (- 45%) down-regulation stimulation. We examined the effect of calcitriol on the stimulation
of EP2 mRNA (Fig. 3B). We did not detect any changes in the levels of of prostate cancer cell growth by exogenous PG addition as well as by
EPI, EP3, or EP4 mRNA following calcitriol treatment (not shown). endogenous PGs derived from the substrate arachidonic acid added
FP mRNA levels were also down-regulated (-33% decrease) by to the culture medium. We treated LNCaP and PC-3 cells with
calcitriol (Fig. 3C). arachidonic acid (3 itmol/L), PGE2, or PGF2 . (10 gtmol/L each) in the

Inhibition of prostaglandin-mediated induction of c-fos absence or presence of 10 nmol/L calcitriol. Our results revealed a
mRNA by calcitriol. Because calcitriol modulated the levels of moderate but significant growth stimulation by arachidonic acid
biologically active PGs as well as PG receptor expression, we and exogenous PGs in both LNCaP (Fig. 4A) and PC-3 cells (Fig. 4B).
examined its effect on a PG-mediated functional response, (iLe., the Calcitriol had a marked growth inhibitory action when given alone.
induction of the immediate-early gene c-fos; ref. 29). As serum is a In addition, calcitriol blocked the growth stimulation due to
potent inducer of c-fos expression (32), we conducted the endogenous PGs derived from the added arachidonic acid as well
experiment under serum-free conditions using PC-3 cells. Unlike as exogenous PG addition (Fig. 4A and B).
LNCaP, PC-3 cells could be briefly maintained in serum-free media Synergistic inhibition of prostate cancer cell growth by
for calcitriol pretreatment and subsequent treatment with the PG calcitriol and nonsteroidal anti-inflammatory drugs. We next
precursor arachidonic acid. PC-3 cells were pretreated with vehicle examined the combined effect of calcitriol and NSAIDs, which
or 10 nmol/L calcitriol for 48 hours followed by a brief (30 minutes) are potent inhibitors of COX enzyme activity. We tested a
exposure to exogenous arachidonic acid (3 limol/L) directly added number of both COX-2-selective and nonselective NSAIDs
to the culture medium. RNA was then isolated and the induction of including NS-398, SC-58125, flufenamnic acid, sulindac sulfide,
c-fos mRNA was determined as an indicator of the biological indomethacin, naproxen, and ibuprofen. Figure 5A to D illus-

activity of PGs endogenously synthesized from arachidonic acid. As trates the effect on prostate cancer cell growth of calcitriol alone
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or in combination with the NSAIDs that exhibited the best with the combination versus -40% inhibition with 10 nmol/L

growth inhibitory effect when used at a reduced dose. We show calcitriol alone).
the effects of calcitriol alone and in combination with the COX- The growth inhibitory effect of calcitriol was similarly enhanced
2-selective NSAIDs SC-58125 on the growth of LNCaP cells when combined with nonselective NSAIDs that inhibit the

(Fig. 5A) and NS-398 on the growth of PC-3 cells (Fig. 5B). In enzymatic activity of both COX-1 and COX-2. The nonselective
LNCaP cells, calcitriol by itself had a modest effect (-20%) at 1 NSAID naproxen at 200 jamol/L did not inhibit the growth of LNCaP
nmol/L but caused significant growth inhibition (- 40%) at 10 cells (Fig. 5C). However, it enhanced the growth inhibition seen

nmol/L (Fig. 5A). The addition of the COX-2-specific inhibitor with 1 and 10 nmol/L calcitriol (- 65% inhibition with the

SC-58125 by itself had a modest effect on cell growth (- 20% combination versus - 48% inhibition with 10 nmol/L calcitriol
inhibition), which was not statistically significant, at the alone). Similarly, in PC-3 cells (Fig. 5D), the nonselective NSAID
concentration tested (5 [tmol/L). The combination of 1 nmol/L ibuprofen at 150 pimol/L enhanced the growth inhibitory effect of

calcitriol with SC-58125, however, had a more pronounced calcitriol (- 74% inhibition with the combination versus - 40%

inhibitory effect (- 73% growth inhibition with the combination inhibition with 10 nmol/L calcitriol alone) whereas it did not affect
versus - 20% inhibition with the individual agents), indicating a cell growth when used alone at this concentration.

synergistic interaction between these two drugs to inhibit cell Based on extensive dose-response analysis (not shown), we
growth. SC-58125 also enhanced the growth inhibition seen with calculated the interaction index (y) using an isobolar method (33)
the higher concentration of calcitriol (-80% inhibition with the for each drug combination. This analysis indicated a synergistic
combination versus - 40% inhibition with 10 nmol/L calcitriol (superadditive) effect. The data suggested that -2 to 10 times

alone). Similar synergistic growth inhibitory effects were evident in lower concentration of each drug is needed when used in
PC-3 cells treated with a combination of calcitriol and the COX-2- combination to achieve the same degree of growth inhibition as
selective inhibitor NS-398 (Fig. 5B). NS-398, when used alone at achieved by the individual drugs.
7.5 gmol/L, did not affect the growth of PC-3 cells. However, it
enhanced the growth inhibition seen with both 1 and 10 nmol/L Discussion
calcitriol (- 60% inhibition with the combination versus - 20% Calcitriol acts by multiple pathways to inhibit the proliferation

inhibition with 1 nmol/L calcitriol alone, and - 75% inhibition of prostate cancer cells (5-14). Our study shows that the regulation
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Figure 4. Calcitriol abrogates the growth stimulatory effects of arachidonic acid (AA) and exogenous PGs. LNCaP (A) and PC-3 (B) were treated with arachidonic
acid (3 gmol/L), PGE2 (10 pmol/L), or PGF 2. (10 pmol/L) individually or in combination with 10 nmol/L calcitriol (Cal) for 6 days. Cell growth was determined by
measurement of DNA content as described in Materials and Methods. DNA contents are given as percentage of control value set at 100%, which was equivalent
to 12.3 ± 1.2 pg/well for LNCaP cells and 19.3 ± 1.7 pg/well for PC-3 cells. Columns, mean from six experiments; bars, SE. *, P < 0.05, when compared with control;
++, P < 0.01, when compared with arachidonic acid, PGE 2, or PGF2s alone.

of PG metabolism is a novel and additional pathway by which the reversible oxidation of their 15(S)-hydroxyl group by the
calcitriol may exert its antiproliferative actions in prostate cancer enzyme 15-PGDH (37). 15-PGDH is widely expressed in many
cells. We have shown that calcitriol regulates biologically active PG mammalian tissues (38) and has been shown to be modulated by
levels and PG actions by three mechanisms: (a) the suppression of several hormones and factors (37-39), indicating the potential
COX-2 expression, (b) the up-regulation of 15-PGDH expression, importance of the regulation of this enzyme. In LNCaP cells, 15-
and (c) the reduction of EP2 and FP PG receptor mRNA expression. PGDH expression is up-regulated by androgens, interleukin-6, and
We propose that these three effects act together to effectively the cyclic AMP inducer forskolin in a protein kinase A-dependent
inhibit the stimulation of prostate cancer cell proliferation by manner (40, 41). We now show that calcitriol is an important
endogenously derived PGs as well as PGs added exogenously. regulator of 15-PGDH expression in prostate cancer cells. The
Because PGs have been shown to promote prostate cell growth, partial repression of COX-2 mRNA expression and the increase in
inhibit apoptosis, and stimulate prostate cancer progression 15-PGDH mRNA expression are also seen in primary prostatic
(18-20), we postulate that these effects of calcitriol to reduce PG epithelial cells derived from normal prostate, suggesting that
actions significantly contribute to the anticancer effects of the these calcitriol effects are not restricted to malignant prostate
hormone in prostate cancer. cells. 15-PGDH expression has been shown to be decreased in

The transformation of arachidonic acid into PGs and thrombox- many cancers (22, 23, 42). Calcitriol has also been shown to
anes in mammalian cells is catalyzed by the enzyme COX which has increase the expression of 15-PGDH in neonatal monocytes (43),
two well-characterized isoforms. COX-1 is constitutively expressed where it exhibits prodifferentiation effects. 15-PGDH, which
and is involved in housekeeping functions (17, 34). COX-2 is an physiologically antagonizes COX-2, has recently been described
immediate-early gene that is induced by a variety of growth as a putative oncogene antagonist that functions as a tumor
promoting stimuli such as serum and growth factors, tumor suppressor in colon cancer by Yan et al. (24) who found that 15-
promoters, cytokines, and proinflammatory agents (17, 34), and is PGDH was universally expressed in normal colon specimens but
regarded as an oncogene (24). COX-2 is overexpressed in various was routinely absent or severely reduced in cancer specimens.
cancers including some, but not all, prostate cancers (18, 21). More importantly, stable transfection of a 15-PGDH expression
Inhibitors of COX-2 activity have been shown to suppress prostate vector into cancer cells greatly reduced the ability of the cells to
cancer cell growth both in vivo and in vitro (31, 35, 36). Our results form tumors and/or slowed tumor growth in nude mice. The
show the significant repression of COX-2 mRNA expression by authors concluded that 15-PGDH suppressed the effects of the
calcitriol in prostate cancer cell lines as well as in primary prostatic oncogene COX-2 and exhibited an additional effect to inhibit
epithelial cells and also a reduction in COX-2 protein levels in prostate angiogenesis in vivo (24). Our present study shows calcitriol-
cancer cell lines, suggesting that COX-2 is a calcitriol target gene. mediated suppression of the oncogene COX-2 and an increase in

PGE2 and PGF2a are rapidly catabolized in vivo into their the expression of the putative tumor suppressor 15-PGDH in
biologically inactive 13,14-dihydro-15-keto metabolites by a two- prostate cells, suggesting that calcitriol may play an important
step process carried out sequentially. The first step is initiated by role in the chemoprevention of prostate cancer.
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As a result of its dual action to modulate COX-2 and 15-PGDH Chen and Hughes-Fulford (29) have shown that arachidonic acid

expression, we expected calcitriol to reduce the levels of PGs in increases the expression of the immediate-early gene c-fos by
prostate < wen crells. This indeed was the case as shown by the undergoing a COX-2-mediated conversion to PGE2, binding of

decrease in PGE2 levels in the conditioned media from LNCaP cells PGE2 to EP2/EP4 receptors, and subsequent activation of the

following calcitriol treatment. Calcitriol regulation of PGE2 synthesis protein kinase A pathway, which leads to the expression of growth-

and secretion has been also reported in growth plate chondrocytes related genes. PGE2 has also been to shown to up-regulate the gene

(44), in monocytes (43, 45), and in interleukin-lp-stimulated expression of its own synthesizing enzyme COX-2 in prostate

rheumatoid synovial. fibroblasts (46). The effects of calcitriol on PG cancer cells, thereby completing a positive feedback loop (31, 50).

synthesis and signaling in these target cells seem to be related to the We therefore examined the effect of calcitriol treatment on the

rapid nongenomic actions of calcitriol (47). induction of c-fos and cell growth by arachidonic acid in prostate

PGs exert their myriad effects through G-protein coupled cancer cells and found that calcitriol abolished c-fos induction and

membrane receptors which activate different signal transduction growth stimulation by arachidonic acid. Our interpretation of these

pathways (48). Prostate cancer cells have been shown to express observations is that they reflect both the effect of calcitriol to

the PGE receptor subtypes EP2 and EP4 (29). Interestingly, our decrease endogenous synthesis of PGs due to COX-2 suppression

study shows that calcitriol decreases the mRNA expression of the and the ability of calcitriol to attenuate the biological activity of the

PGE2 and PGF2. receptor subtypes EP2 and FP, providing yet PGs due to 15-PGDH up-regulation and EP and FP receptor down-

another mechanism for the suppression of the biological activity of regulation. The suppression by calcitriol of the growth stimulation

PGs by calcitriol. In a recent study examining the changes in gene by exogenous PG addition is probably due to its ability to enhance

expression profile in the kidney of vitamin D receptor (VDR) PG catabolism through the up-regulation of 15-PGDH expression

knockout mice, Li et a]. (49) report increases in the expression of as well as PG receptor down-regulation.
EP3 and FP genes in VDR-/- kidneys, suggesting that calcitriol NSAIDs are known inhibitors of COX activity and have been

may also regulate the expression of PG receptors in kidney. Our shown to exhibit growth-suppressive effects in in vivo and in vitro

study indicates that calcitriol not only decreases the concentration models of prostate cancer (19, 35, 36, 50-52). The growth inhibitory

of PGs but may also inhibit the biological activity of these reduced and proapoptotic actions of NSAIDs are due to their ability to inhibit

PG levels by repressing of EP2 and FP receptor mRNA expression in cyclooxygenase activity to a large degree, although in recent years

prostate cancer cells. mechanisms independent of COX-2 inhibition are also believed to
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play a role (52). Our data show that the combination of calcitriol with evaluation, especially because the combination allows the use of
COX-2-selective, as well as nonselective NSAIDs, acts synergistically lower concentrations of calcitriol and the NSAIDs, thereby
to reduce the growth of prostate cancer cells. Our hypothesis is that improving the safety profile of the NSAIDs.
the action of calcitriol at the genomic level to reduce COX-2 In conclusion, calcitriol acts by three separate mechanisms:
expression decreases the levels of COX-2 protein and allows the use decreasing COX-2 expression, increasing 15-PGDH expression, and
of lower concentrations of NSAIDs to inhibit COX-2 enzyme activity, reducing PG receptor mRNA levels. We believe that these actions
resulting in the enhanced growth inhibition seen with the contribute to suppress the proliferative stimulus provided by PGs in
combination. The potential use of NSAIDs as chemopreventive or prostate cancer cells. The regulation of PG metabolism and
therapeutic agents for a variety of malignancies, including prostate biological actions constitutes an additional novel pathway of
cancer, is being intensely investigated (20, 21, 51, 53). We propose calcitriol action mediating its antiproliferative effects in prostate
that a combination of calcitriol and NSAID might be a useful cells. We propose that a combination of calcitriol and a nonselective
therapeutic strategy in prostate cancer. The clinical use of NSAIDs NSAID, such as naproxen, might be a useful therapeutic and/or
has recently become controversial because of the cardiovascular chemopreventive strategy in prostate cancer, as it would achieve
complications associated with the use of high doses of COX-2- greater efficacy and allow the use of lower concentrations of both
selective NSAIDs for prolonged periods of time (54, 55). In drugs, thereby reducing their toxic side effects.
comparison with the COX-2-selective inhibitors, the use of a
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PATHWAYS MEDIATING THE GROWTH INHIBITORY ACTIONS 0OF7 VITAMIN D IN
PROSTATE CANCER,

David Feldman, Jacqueline Mloreno and Aruna Krishnan,

Depart~ment of Medic~neiEndoc-rinothgý),y,, Stanford University School of Me9dicin"-, Stannford

CA 94305-6103

Vitamin D is enmerging as, an important hormone that affects the development and
progression of many malignancies including prostate cancer (PCa). 1,254dhydroxyvitamnin
D3 (calcitriol), the active form of vitamin D, inhibits the growth and stimulates Ulu
differentiation of PKa cells. We have studied established humian P~a cell lines as, well as
primary cultures of normal or cancer-derived prostatic apithelial coils to elucidatce the
molecular pathways, of calcitriol actions. These pathways are varied and appear to be .cell
specific. We have used oDNA microarray analysis to elucidate additional genes regulated by
catcitriol in order to identify novel therapeutic tar gets for the treatment of PCa. Suveral
potentially useful target genes have emerged from these studies. In this talk I will highlight
two new target genes. both involved in prostaglandin (PG) metabolism, Accumulating
evidence has implicated PGs in stimulating the development of many types of cancer
including P~a. PGs have been associated with the progression of PCa, tumor invasiveness
and tumor grade. Prostatic PGs are formed by the action of thea cycl-ooxygenase enzyme
COX-2. The first step in PG inactivation Is mediated by 15-h~yd~roxyprostaglandjn
dehydrogenase (PCDH). We found that caicitriol down-regulates the expre-Ssion of COX-2
and up-regulates PGDH, Currently there is much interest in the use of COX-2 inhibitors to
prevent and/or treat PCa, due to their ability to inhibt growth and inducet. Apoptosis.
Moreover, PGDH has recently been proposed as a tumor suppressor. The actions of
calcitriol to induce PGDH and inhibit COX-2, constitite a pathway to reduce and/or remove
bioactive PGs thereby diminishing PCa proli.feration. Treatment of LNCaP cells with .1
combinat~on of calcitriol and COX-2 inhibitors resulted in synergistic growth inhibition. In
couibtYnation, CalCitrIol and COX-.2 inhibitors allowed the use of reduced doses of both drugs
that still resulted in enhanced antiprollferative activity, These findings suggest that therapy
combining calcitrijol and COX-2 inhibitors will increase the efficacy of both drugs while
decreasing their sfde-effects. We propose, that this combinmaton of already approved drugs
can be brought to clinical trial swiftly, particularly in patients with early recurrent P'Ca that
demonstrate rising PSA after primary therapy, In conclusion,, our research is, directe--d at
understanding the mechanisms of vitamin D action in prostate cells with the goal of
developing treatment strategies to improve PCa therapy. The ability of calcitriol to inhibit PG
synthiesis and stimulate PG inactiva-tion appears to be an additional pathway by which

ý'calcitriol can enhance PCa therapy,
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amount of UV radiation fronu na-ural sunhiglh- ari] thev 300 am and 30 m.11em 2. We conwhdt-e that irradiation with

exposure of only smill parts of the body, eAg. hznds, the nrobi!TI -01 lamip in a therapeutic do~se range

forearmsý anchior faCe, 3Tr'cnossnry. The aim) of thtiq Rtudy can affect eakcitriol syleieýi pidarmill kc rtinoytcs

was to evaluate the corr:elation letwee-n Vitamin) Dý Thus, the antipsoriadie cffetv observed after TI.-01 lTOp

weiglittal LA duwuge (11,., veisus the increase of crlaig exposures may be, at l east pairtinlly. oxpla4ined by the known

25(OH)D, an d l,25ý(DYbTýJ.J. Patient% anwf AMnir6ds:i -lIwentv_ action of newlv-synthcsized calcitriol on epidermal cell
two dialySis patients or partial body (front l pat f theý proliferation and differentiationt,

legs, approx. 15'% of 110dys0rfiaee) irradiated ovcrc a period

of 14 w"e6 using an artificialtI U-sOurCe (U-VB S) 29
blood samples were taken e~iery two weeks, Reslfks: The PATHWVAYS MEDNIA~NG THE GRO1WTHI

peak vAlue of 25(Oll)Th was, found after 8~ wec1r inres INIIUffifORY ACTION'S OF VITAMIN' D IN
A + 13M, I= + 33 %m, nittlia i) a nd dxc peak of 1,25 (0EH): D' PROSTATE CANCER
followed 6 weeki later (increaqe A + gng/l )I'
There-fare, the following :algorithmi can be calculated: Jw~heMrn.AeaKiha n ai eda

25(OI-IbD-, (tt d x I(P)+25, as, a nionlinear Correlation Dcrpartment of Meitt&aornooy anford
( 2OtJ2;folluwing a linear correlation (r=0.32) between Uiest~h:D fMdcnSafrCA91Q-13

25(014)t4, and 1'25 Co~)~ ndfarxion: A miafficient pool SA
of circulating 25(OH-fl, is necessary for converqion to
I,25(OH)7A,. In renal patiens (lhe. threshold level of
2'5(OUJ)D, seemng to be >35 VgiIl. Vitiamin D is ani important hormone thaýt affects the

inicidenc? itnd progression of mnany miali.-nianciess including

28prostate canoel (K~ai. 1, 2.5 -ihydruoxyi tam in D (calcitriol).

EVFEGT OF LINB RADIATION ENiTTED FROM THE the. actlive form of vitarnin D, inihibits the grovwt i and
NARROVY11AX.1) ILAJ LAMP (311 NM) ON stimulate~s the differcrntiaticrn of P0a cell[& We studied

CALCIITRIOL SYNTHESIS IN OR1GA-NOTYIPIC vstublished humain PCa cell lines aswrll as primazy cultures

CULTURE~S OF KER.ATINOC-M,5 of normal. or cace~~r-deýrved prostatic epitheliad cel'N Io

Bodo Lehmaa)n and Mfichaefl Nlcurer ii'iathe. molecu-lari pathwayý,s Af the action of calcitriol.
These pathwa~ys nre. waiedd sorni appear- to br, cell-

Department of Dermatology, (Car (iustav Qarus Medical specci-1e. We Used LDNA taicýroarray analysis to mascrtain
School- Dresden U~niversity of Thnlg.Dresden, additional gznet reg:ulated by ealcittiol.. in order to ide'ntfy
(Germnany novel therapeutic rirgetx for the treatmn en: of P~.Severail

potcentially usefu! taltgee ave: emuerged from these
The skin is the only tissue kriowii ixn which the comiplere viulie.ý includkirlo tWo ewtargoet genes. both invol~ved in
UV13atidce d pathway fromi 7-dehydroch ni tdcrol prostaglandcin AIVG) netabjoliun
(7-DI{C) to ho~rmonally-active, ealeitriol (1a,25 dihydro Ac,4umulatfing evidence, has implicaled PON i-i stimulafiing,
xyvitaminl Dý) oC.ccurs under physiological co3ndilions, It is the dceveopi eatilofmarny types of cancer inclusding ICa. PC~s

well known that bothi cailcitriol and UV13 radiation exert hlve bnasoiedwith the progfessýion of KCa, tumnor
patent ,intipsoriatic effects. We Tpeculpte that the intvasivenessý and 1t1umOr gradc, Prons~atic PGs are formnedlIty the
therapeutic effect of U-VB radiation cari be. attributed to action of the gcoxeiaewevyrne COX-2. The first step in
UNTfl-trig?,crcd cutaneaus syritllmsis o(oeif vcriol, for which PCT inactivlation Is med~iated by hyrvyrlalnn
the optimurn wnvelength was. 300 t- 3 jim in vilro anid mj, dchydreogenasse (1'GUI I). We fo~und that cale-itriol down-

vivo, On the other hand, the narrcowband Philips TL 011 regulattes the epression of COX-2 and up-regulatts PGD1FL
lamp, which is commonly used as a t..VI so-urce tor thte There is mnuch culeIC1t1 interest in Lthe use. of sexeond-reneranion

treatment of psoriasis, has a MaXIMuIm Spectrat irradiance t2OX-2 inhibitors or non-selective nonsteroidal anti-

at arounod 311 nat The ai ,m ot this study was, to invesfigate inflanuniatory dragsq (N~SAJDs), to prevent and/o, treat IP(a,
the calcitriol-inducing potentiail cf the TL-01 lamp in due to thoir ability to inhibit grtowthi alnd' induce apopLosis&

organotypie culturcs of ke rat in rcy tes .i upl~lemenute.Cd with Moreover, PGDI[ bas recently been proposed as a tumor
245 liM 7-D1)1-C al different radriant e",osures (125-1000tl suppressor, JItt actions of cateitriol to induce. PGDH and
mie'cnia). We found that the maximum caleitriol- inhibit COX-2 constitute fa pathway to reduc andAkr remove
genieratring capacity of the TL-DI lamp at 501) mJ..crnt  actthe pos. thce-rb diiiisi PCa proltferatinn.
(corre~spondinjg to 2.1 SED [51andard flrythemna Dose]) Combination thernpy of VNICaP cells wixth calcitriol and
and I6 hourms fter irridiation still amounted to N-SATI.s revealed synergistfic E~rowtl- inhibition, In
approximately 45% of that Of monIOU1hrmntic radi'ation at Combination, calvit-riol and NSAIDs allo~wed the use of
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cell surfaceý exprwssion of intercellular adheicxin nicoecule- CANCER
I ([CAM 1) nd 01-integrin in keratinoryls aind the effect Ane yrh adTua NBr
of la,2_5-dihvdroxvvitnrnin D3 using floiw cytometn, anyd1 nt oiszNBc

ii mnuno- histoctrnaistrY.1Ibe nesults re~vealed that ionizing Oregona 1-calth tand Science, University Portland, ORt, USA.
radiation causes" An Up-reg-Ulation1 of both ICAMY- I andi ýl-
integrrin in keratinocytes, wbich was inhibiled by In pre-clIisicial mo-delsý of prostate cancer, calcitriol, the'
pretreatment of the cells with le,25diltydroxyvitumain Dj. principal active raetabolitc of vitamin D, dispinyed
Taketn together, our data suggeCst l 1baLitt,25- sidgnificant antineoplaestic aativity, alone tand in combination
dihtydroxyvitatniin Dý, might be a promnising agent to modify with cýytotottie drugs, but only at mtbqtantiallv
the radiation r~ection, offering pew optionIS in $UPr-ap~hYsiologic concentration. TIN1he rcpo-t:,d( mechanisms
radiotherapy aind oncoloigy, of activity include inhiibliori of prolifcrraiinn and cell qvcle
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